Ionic liquid thermal stability: implications for cellulose regeneration by Clough, Matthew Thomas
  
Department of Chemistry, Imperial College London, SW7 2AZ, United Kingdom 
 
 
__________________________________________________ 
 
Ionic Liquid Thermal Stability: 
implications for cellulose regeneration 
 
__________________________________________________ 
 
 
Matthew Thomas Clough 
 
 
 
Submitted in part fulfilment of the requirements for the award of 
Doctor of Philosophy (PhD) in Chemistry, Imperial College London. 
 
 
April 2015 
  
 
 
 
  
 
 
To my parents, 
 
and to my grandfather, Norman Smith  
(31st December 1927 - 12th December 2014) 
  
 
 
 
   
 
Declaration of Originality 
 
I hereby confirm that all research described in this thesis was, unless clearly 
stated, conducted by Matthew T. Clough from October 2011 to October 2014, 
at the Department of Chemistry, Imperial College London, UK. 
 
 
 
Copyright Declaration 
 
The copyright of this thesis rests with the author and is made available under a Creative 
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to 
copy, distribute or transmit the thesis on the condition that they attribute it, that they do 
not use if for commercial purposes and that they do not alter, transform or build upon it. 
For any reuse or redistribution, researchers must make clear to others the licence terms 
of this work. 
 
  
 
 
 
   
 
Abstract 
 
During the course of the past twenty years, the applications of contemporary ionic liquids 
have become increasingly widespread and varied; as solvents or catalysts for sustainable 
synthetic processes, as battery electrolytes, and for the dissolution and deconstruction of 
lignocellulosic biomass. These ionic liquid-assisted procedures frequently operate at high 
temperatures, therefore a comprehensive understanding of ionic liquid thermal stability is 
of great practical value. 
 
It has been demonstrated that ionic liquids incorporating carboxylate anions are capable 
of dissolving a substantial quantity of cellulose, the world’s most abundant bio-renewable 
resource. The thermal stabilities of carboxylate ionic liquids are thoroughly characterised 
in this contribution, employing a broad range of experimental and computational methods.  
The impact of structural modification of the cation/anion on thermal stability is evaluated, 
and the prevailing thermal decomposition mechanisms are elucidated. Subsequently, the 
reactivity and decomposition pathways of cellulose and carbohydrate model compounds, 
dissolved in carboxylate ionic liquids, are uncovered. 
 
Thermal stabilities of carboxylate ionic liquids are found to be highly sensitive to relatively 
modest changes in the ion chemical structure (e.g. via fluorination or substitution of sulfur 
into the carboxylate group), and the experimental conditions. Furthermore, the prevailing 
thermal decomposition mechanisms are dependant on the electronic and steric properties 
of the ions. Crucially, the prototypical carboxylate ionic liquid 1-ethyl-3-methylimidazolium 
acetate is susceptible to transient and reversible formation of an N-Heterocyclic Carbene 
species through abstraction of the ring C2 proton, enabled by the basicity of the anion. 
 
This ‘non-innocent’ behaviour of carboxylate ionic liquids is critical in initiating a sequence 
of undesirable degradation pathways with dissolved carbohydrates, yielding imidazolium-
derived adducts bearing hydroxyalkyl substituents. Strikingly, the analogous ionic liquid 1-
butyl-3-methylimidazolium chloride does not initiate the unwanted series of reactions, yet 
is capable of dissolving a significant quantity of cellulose. 
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-CN and -NO2) at the imidazolium C4 position, and destabilisation of the NHC with strongly electron-
donating substituents (-N(CH3)2). Calculations were performed with a fixed ‘y’ distance of 2.76 Å. 
 
Fig. 5.17   Linear relationships between ΔE(CAP - Ion Pair) and Hammett substituent constants, based 
on ionisation of benzoic acids: (a) σmeta, R2 = 0.96; (b) σpara, R2 = 0.87; (c) average of meta- and 
para-substituent constants, σaverage, R2 = 0.96. 
 
Fig. 6.1   Ionic liquids used in this study, incorporating the [C2C1im]+ (1-3, 8, 15, 17), [C4C1im]+ (18-
20), and [C1-DBU]+ (21) cations. Compound 22 is a low-melting mixed inorganic eutectic salt. 
 
Fig. 6.2   Carbohydrate model compounds, shown in both cyclic and open forms (where possible): 
D-(+)-glucose, 23; D-(+)-cellobiose, 24; D-(+)-xylose, 25; D-(-)-fructose, 26, in fructopyranose (six-
membered ring) and fructofuranose (five-membered ring) forms; D-(+)-sucrose, 27. 
 
Fig. 6.3   Expanded region of the 1H NMR spectrum of the mixture [C2C1im][CH3(CH2)6CO2], 8b, 
with 5 wt% cellulose, heated to 120 °C for 48 hours. The new singlet peak at δ 4.79 ppm can (after 
model compound analysis) be retroactively assigned to the hydroxyalkyl methylene group of the C1 
adduct cation, [C2C1(HO)C12im]+. 
 
Fig. 6.4   1-Ethyl-3-methylimidazolium acetate, [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, 
heated to 120 °C for 24 hours: (a) wt% of the [C2C1im]+ cation and the ‘C1’ adduct cation, 
[C2C1(HO)C12im]+. (b) HPLC % concentrations of the ‘intermediate’ C6 - C2 adducts. Error bars for 
C4 - C2 adducts are omitted for clarity, but are typically < ± 0.2 HPLC %. 
 
Fig. 6.5   LCMS investigation of adduct species formed from [C2C1im][OAc], 3d + 10 wt% D-(+)-glu-
cose, 23, heated to 120 °C for one hour (t1): (a) survey of peaks i - vi; (b) ESI spectra of peaks i - vi. 
 
Fig. 6.6   Preparation of [C2C1(HO)C12im][OAc], 28, by heating [C2C1im][OAc], 3d, in the presence 
of paraformaldehyde. 
 
Fig. 6.7   (a) New 1H NMR peaks (4.8 - 4.1 ppm) observed from the reaction of [C2C1im][OAc], 3d, 
with D-(+)-glucose, 23, after heating at 120 °C for 24 hours, assigned to the [C2C1(HO)C12im]+ cat-
ion. (b) 1H NMR spectrum of synthesised [C2C1(HO)C12im][OAc], 28, for comparison. 
 
Fig. 6.8   Relationship between acid number and wt% of the C1 adduct, [C2C1(HO)C12im]+, for the 
mixture of [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours. 
 
Fig. 6.9   (a) Temperature-ramped TGA thermograph of the prepared C1 adduct, [C2C1(HO)C21im]-
[OAc], 28. The dashed line represents the first derivative of weight loss, dw/dt; (b) Isothermal TGA 
thermograph of [C2C1(HO)C21im][OAc], 28, measured at 120 °C for 24 hours. 
 
Fig. 6.10   Proposed scheme for the condensation of [C2C1im][OAc], 3d, with open-chain D-(+)-
glucose, 23, yielding the C1 adduct [C2C1(HO)C12im]+ (red), via a Breslow intermediate (blue). The 
cleaved C(n-1) aldehyde fragment can react once more with the parent ionic liquid, accounting for 
the intermediate adducts C5, C4, C3 and C2. 
 
Fig. 6.11   Assigned C12 (m/z 453), C11 (m/z 423) and C10 (m/z 393) adducts, observed from the 
mixture [C2C1im][OAc], 3d + 10 wt% D-(+)-cellobiose, 24, after heating at 120 °C for 0.25 hours. 
 
Fig. 6.12   Comparison of adduct formation for [C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, 
heated for 24 hours at 120 and 100 °C: (a) wt% of the C1 adduct, [C2C1(HO)C12im]+; (b) HPLC % of 
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the intermediate C6 adduct cation. 
 
Fig. 6.13   HPLC % concentrations of the intermediate C6, C4, C3 and C2 adducts. Experiments 
were performed with ionic liquid [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, heated for 24 hours 
at 120 °C (a) and 100 °C (b). Identities of intermediate adducts are given in (c). 
 
Fig. 6.14   Comparison of adduct formation for [C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, with 
differing initial acid numbers (110 - 271 mmol H+/Kg IL), heated at 120 °C for 24 hours: (a) wt% of 
the C1 adduct, [C2C1(HO)C12im]+; (b) HPLC % of the intermediate C6 adduct. Graphs are shown in 
the range t0 - t6, for clarity. 
 
Fig. 6.15   Wt% concentration of [C2C1im]+ during the heating of [C2C1im][CH3SO3], 15, + 10 wt% 
D-(+)-glucose, 23, at 120 °C for 24 hours. Error values are approximate, based upon the largest 
errors for triplicate experiments of [C2C1im][OAc], 3d + 10 wt% 23. 
 
Fig. 6.16   Liquid Chromatography - Mass Spectrometry (LCMS) analysis of adducts formed from 
[C4C1im][(CH3)2PO4], 19, and D-(+)-glucose, 23, heated to 120 °C for 24 hours: survey of peaks i - 
v; (b) mass spectra of selected peaks, i, ii and iv. Peaks i and ii were assigned to diastereoisomers 
of the C6 adduct, arising from uncertain stereochemistry at the α carbon (labelled *). Peaks iii and v 
correspond to the C2 adduct and [C4C1im]+, respectively. 
 
Fig. 6.17   Graphical representation of the impact of anion structure on the ease of N-Heterocyclic 
Carbene (NHC) formation, the preliminary step in ionic liquid-cellulose adduct formation. 
 
Fig 8.1   1H NMR spectra following the 72 hour/90 °C drying experiments: (a) [C2C1im][OAc], 3a; (b) 
[C2C1C1im][OAc], 14. Thermal decomposition of the ionic liquid during the two-hour drying period, 
therefore, is negligible. 1H NMR experiments were performed in a DMSO-d6 solvent. 
 
Fig. 8.2   Graphical representation of the ionic liquid syntheses described below, via alkylation, ion 
metathesis/exchange, and neutralisation reactions. Numbers in parentheses refer to numbering of 
the compounds used throughout. 
 
Fig. A4.1   TGA-MS data for [C2C1im][CH3(CH2)6CO2], 8a. The solid black line represents the TGA 
thermograph. Coloured dashed lines represent the intensities of selected m/z values as a function 
of temperature, assigned to parent peaks of small-molecule thermal decomposition products. 
 
Fig. A6.1   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. i, Table 6.2). 
 
Fig. A6.2   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. ii, Table 6.2). 
 
Fig. A6.3   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. iii, Table 6.2). 
 
Fig. A6.4   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. iv, Table 
6.2). 
 
Fig. A6.5   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-xylose, 25, heated at 120 °C for 24 hours (Exp. v, Table 6.2). 
 
Fig. A6.6   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(-)-fructose, 26, heated at 120 °C for 24 hours (Exp. vi, Table 6.2). 
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Fig. A6.7   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][OAc], 3d, + 10 wt% 
D-(+)-sucrose, 27, heated at 120 °C for 24 hours (Exp. vii, Table 6.2). 
 
Fig. A6.8   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 100 °C for 24 hours (Exp. viii, Table 6.2). 
 
Fig. A6.9   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-cellobiose, 24, heated at 100 °C for 24 hours (Exp. ix, Table 
6.2). 
 
Fig. A6.10   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. x, Table 6.2). 
Initial acid number 110 mmol H+ kg-1 IL. 
 
Fig. A6.11   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xi, Table 6.2). 
Initial acid number 145 mmol H+ kg-1 IL. 
 
Fig. A6.12   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xii, Table 6.2). 
Initial acid number 235 mmol H+ kg-1 IL. 
 
Fig. A6.13   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xiii, Table 6.2). 
Initial acid number 271 mmol H+ kg-1 IL. 
 
Fig. A6.14   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 25 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xiv, Table 6.2). 
 
Fig. A6.15   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3c, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xv, Table 6.2). 
 
Fig. A6.16   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3c, + 10 wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xvi, Table 
6.2). 
 
Fig. A6.17   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][CH3(CH2)6CO2], 8b, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xvii, 
Table 6.2). 
 
Fig. A6.18   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xviii, Table 6.2). 
 
Fig. A6.19   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xix, Table 6.2). 
 
Fig. A6.20   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xx, Table 6.2). Initial acid number 240 
mmol H+ kg-1 IL. 
 
Fig. A6.21   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xxi, Table 6.2). Initial acid number 
279 mmol H+ kg-1 IL. 
 
Fig. A6.22   Weight% concentration of [C4C1im]+ (blue) for the mixture [C4C1im]Cl, 18, + 10 wt% D-
(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xxii, Table 6.2). 
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Fig. A6.23   Weight% concentrations of [C4C1im]+ (blue) and [C4C1(HO)C12im]+ (red) for the mixture 
[C4C1im][(CH3)2PO4], 19, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xxiii, 
Table 6.2). 
 
Fig. A6.24   LCMS analysis of adduct species formed from [C2C1im][OAc], 3d and 10 wt% D-(+)-
cellobiose, 24, heated to 120 °C for 0.25 hours (t0.25): (a) survey of peaks i, ii; (b) mass spectrum of 
i, showing peaks ia, ib and ic, representing the ‘C12’, ‘C11’ and ‘C10’ adducts, respectively. Peak ii 
represents [C2C1im]+. 
 
Fig. A6.25   LCMS analysis of adduct species formed from [C2C1im][OAc], 3d, and 10 wt% D-(+)-
xylose, 25, heated to 120 °C for 0.25 hours (t0.25): (a) survey of peaks i - iii; (b) mass spectra of 
peaks i, ii. Peaks i and ii each exhibit a single sharp peak at m/z 261, and were assigned as two 
diastereoisomers of the C5 adduct, arising from uncertain stereochemistry at the α carbon relative 
to the C2 position (labelled *). Peak iii corresponds to [C2C1im]+. 
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[C2C1im]+  ..........  1-ethyl-3-methylimidazolium 
[C2C1C12im]+  ..........  1-ethyl-2,3-dimethylimidazolium 
[C2C1(HO)C12im]+ ..........  1-ethyl-2-(hydroxymethyl)-3-methylimidazolium 
[C2C1im+-CO2-]  ..........  1-ethyl-3-methylimidazolium-2-carboxylate 
[C4C1im]+  ..........  1-butyl-3-methylimidazolium 
[C1-DBU]+  ..........  1-methyl-1,8-diazabicyclo[5.4.0]undecenium 
[OAc]-   ..........  acetate 
[NTf2]-   ..........  bis(trifluoromethanesulfonyl)imide 
C1im   ..........  1-methylimidazole 
C2im   ..........  1-ethylimidazole 
6-311++G(d,p)  ..........  Augmented, polarisable, triple ζ,  
split-valence basis set 
B3LYP   ..........  Becke’s three parameter exchange functional 
     with Lee/Yang/Parr correlation functional 
BSSE   ..........  Basis Set Superposition Error 
CAP   ..........  Carbene-Acid Pair 
CPCM   ..........  Conductor-Type Polarisable Continuum Model 
DFT   ..........  Density Functional Theory 
DSC   ..........  Differential Scanning Calorimetry 
EIMS   ..........  Electron Ionisation Mass Spectrometry 
HPLC   ..........  High-Performance Liquid Chromatography 
IL   ..........  Ionic Liquid 
IP   ..........  Ion Pair 
IRC   ..........  Intrinsic Reaction Protocol 
LCMS   ..........  Liquid Chromatography Mass Spectrometry 
LSIMS   ..........  Liquid Secondary Ion Mass Spectrometry 
MS   ..........  Mass Spectrometry 
NBO   ..........  Natural Bond Orbital 
NHC   ..........  N-Heterocyclic Carbene 
NMR   ..........  Nuclear Magnetic Resonance 
PCM   ..........  Polarisable Continuum Model 
PES   ..........  Potential Energy Surface 
RTIL   ..........  Room-Temperature Ionic Liquid 
TGA   ..........  Thermogravimetric Analysis 
TGA-MS  ..........  Thermogravimetric Analysis - Mass Spectrometry 
ZPE   ..........  Zero-Point Energy 
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Chapter 1 
An Introduction to Ionic Liquids 
 
 
1.1   A concise history of ionic liquids 
 
Ionic liquids are now ubiquitous in academic and industrial chemistry.1-4 Their suitability 
as solvents for sustainable synthetic processes was the motor that drove early investig-
ation, although ionic liquids now enjoy a far more diverse spread of applications, including 
their use as battery electrolytes,5 in the uptake and storage of CO2,6,7 as engineering flu-
ids or lubricants,8,9 and in the pre-treatment and dissolution of lignocellulosic biomass.10-13 
 
Ionic liquids (ILs) may be defined as compounds fully composed of charged species, that 
are also molten at, or just above, room temperature. An arbitrary melting temperature of 
100 °C is frequently cited as the cut-off point, distinguishing ‘ionic liquids’ from the related 
topic of ‘molten salts’.14 Of particular interest are room-temperature ionic liquids (RTILs), 
necessary for applications operating under ambient conditions. 
 
Strictly speaking, the field of ionic liquids dates back one hundred years to 1914, and the 
discovery of the first RTIL, ethylammonium nitrate (Fig. 1.1). Nevertheless, research into 
ionic liquids lay dormant for some considerable time, until the emergence of the so-called 
‘organic chloroaluminate’ ionic liquids in the 1970s and 1980s. These ‘melts’ were formed 
from the pairing of an N-alkylpyridinium halide salt (later a dialkylimidazolium chloride) 
with the strongly Lewis-acidic AlCl3 (Fig. 1.1).15-17 Alkylpyridinium chloroaluminate liquids 
suffer from very narrow electrochemical windows, and all chloroaluminates exhibit acute 
sensitivity to air and moisture.18-20 Mass spectrometry experiments, and other techniques, 
demonstrated that the mixing of an organic halide salt with AlCl3 yields the ensemble of 
metallate anion species Cl- (Br-), [AlCl4]-, [Al2Cl7]- and [Al3Cl10]-.18-20 This pattern of higher-
weight anions is repeated in the bromoferrate, [FexBry]-, and the recent halobismuthate, 
[BixXy]-,9 liquids. Despite the above-mentioned drawbacks, halometallate ‘melts’ persist to 
this day in synthetic applications that exploit the Lewis-acidic nature of the solvent.1,21 
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Fig. 1.1   Structures of early ionic liquid compounds: ethylammonium nitrate, [C2NH3][NO3],22,23 and 
the ‘melt’ [C2py]Br.AlCl3 (showing several observed anion structures).15-17 
 
 
 
 
(a) 
 
 
(b) 
 
Fig. 1.2   Structures and abbreviations of commonly-encountered contemporary ionic liquid cations, 
(a), and anions, (b). The R groups are typically H, -CH3, or other short chain aliphatic substituents. 
Hydroxy-, ether-, siloxane- and aryl-functionalised cations are also known. 
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Contemporary or ‘second generation’ ionic liquids can be traced back to a landmark 1992 
investigation by Wilkes and Zaworotko;24 1-ethyl-3-methylimidazolium salts incorporating 
nitrate, [NO3]-, nitrite, [NO2]-, tetrafluoroborate, [BF4]-, acetate, [OAc]-, and sulfate, [SO4]2-, 
anions were air and moisture-stable, and exhibited melting points of ≤ 70 °C. To this day, 
dialkylimidazolium-derived ionic liquids are favoured for their low melting points and ease 
of preparation and handling. Nevertheless, many alternative and variant ion classes have 
become mainstream; the structures and abbreviations of a broad selection of commonly-
encountered ionic liquid ions are shown in Figure 1.2. The cations most frequently feature 
a quaternary nitrogen centre, although phosphonium- and sulfonium-derived ionic liquids 
are also in common use. The spectrum of anion structures is, arguably, far more varied, 
ranging from the simple halide liquids towards the more complex, polyatomic anions, e.g. 
the bis(trifluoromethanesulfonyl)imide anion, [NTf2]-. 
 
The low melting points of contemporary ionic liquids can be, at least partially, attributed to 
the large, bulky, asymmetrical and charge-diffuse nature of the ions; close packing of the 
ions is disrupted and the lattice enthalpy diminished (less negative), bonding interactions 
between the constituent ions, though numerous, are weaker and longer-range compared 
to equivalent inorganic salts. An argument for the reduced melting points of ionic liquids 
based on a thermodynamic preference for the liquid state was advanced by Krossing et 
al.25 They obtained negative values of the free energy of fusion, ΔfusG°, and proposed 
that the high degree of conformational flexibility of the constituent ions corresponds to 
small lattice enthalpies and large entropy changes. 
 
Ionic liquids are frequently cited as ‘designer solvents’ due to the broad range of physical 
and chemical properties achievable via choice and modification of the constituent ions.26, 
27 These properties include (but are not limited to) density, viscosity, conductivity, polarity, 
and thermal stability of the resultant ionic liquid. The formulation of ionic liquid mixtures 
offers an additional handle for the fine-tuning of properties, and is an area of continuing 
investigation.28-30 
 
As ionic liquids become ever more widely-employed, both in the academic and industrial 
laboratory, a thorough and critical understanding of the behaviour and limitations of these 
compounds becomes correspondingly more important. The existing chemical literature, to 
an extent, offers valuable insights into the physical and chemical properties of ionic liquid 
species, and their suitability towards a wide range of applications.  
 
A full review of each property and application is beyond the scope of this Introduction to 
Ionic Liquids. The overarching focus of this contribution is ‘Ionic Liquid Thermal Stability: 
implications for cellulose regeneration’. To this end, relevant properties and applications 
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of ionic liquids are discussed succinctly in the following sub-chapters of this introduction. 
A thorough summary of the literature on ionic liquid thermal stabilities is described in the 
following chapter 2, Ionic Liquid Decomposition: a review. 
 
1.2   Ionic liquid nomenclature 
 
The increasing interest in ionic liquids across multiple scientific disciplines has resulted in 
a high number of different, and sometimes confusing, naming schemes being propagated 
through the literature. For the purposes of clarity, it is desirable to employ a nomenclature 
that avoids overly verbose, systematic names of heterocyclic cations, yet is unambiguous 
and not misleading. 
 
Considering initially the most widely-employed di-/tri-alkylimidazolium class of ionic liquid 
cation, these species are commonly denoted by upper- or lower-case letter acronyms; for 
example, the 1-butyl-3-methylimidazolium cation would be represented as ‘[BMIM]+’,31 or 
sometimes as ‘[bmim]+’.32 This naming scheme, though adequate for distinguishing ions 
in a very small sample, rapidly encounters problems when alkyl chains of differing length 
are represented by the same letter; should ‘[PMIM]+’ refer to 1-propyl-3-methylimidazol-
ium or 1-pentyl-3-methylimidazolium? Similarly, does the ‘H’ of ‘[HMIM]+’ indicate hydro-
gen or hexyl?  
 
Far more sensible is a naming scheme employing a combination of letters and numbers, 
shown above for the di-/tri-alkylimidazolium cation type in Figure 1.2, [CnCmCp2im]+.1 The 
integers n, m and p refer to the number of carbon atoms in the alkyl side chains. These 
side chains are assumed to be connected to the nitrogen atoms of the imidazolium ring, 
unless otherwise labelled with a superscript number to denote the position of the ring. All 
alkyl chains are assumed to be saturated unless otherwise indicated, for example 1-allyl-
3-methylimidazolium would be [(C1=C2)C1im]+. This nomenclature also allows for naming 
of ether (and other) substitutions within the chain, for example, [(C1OC2)C1im]+.33,34 
 
 
 
 
Fig. 1.3   Four different charge representations of the widely employed di-/trialkylimidazolium class 
of ionic liquid cations, [CnCmCp2im]+. ‘Representation 1’ is used throughout this contribution, and the 
numbering scheme of the five-membered ring is shown. 
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Aside from the naming scheme of substituted di-/tri-alkylimidazolium ionic liquid cations, it 
is also necessary to draw the aromatic heterocyclic system so as to accurately represent 
the distribution of charge around the cation. Several of these charge representations are 
displayed in Figure 1.3. Representation 1 is preferred for this contribution; representation 
2 misleadingly localises the positive charge on one nitrogen of the ring, representation 3 
fails to account for some delocalisation of the ‘back’ unsaturated bond into the aromatic π 
system. Representation 4, though accurate, is cumbersome especially when representing 
the preferred locations and bonding interactions of a particular anion around the cation. 
 
Ionic liquid anions are somewhat more trivial to name, being usually of a simpler chemical 
structure. Considering the frequently-employed bis(trifluoromethanesulfonyl)imide anion, 
in this contribution we adopt the nomenclature of ‘[NTf2]-’ (using the standard abbreviation 
‘Tf’ to denote ‘trifluoromethanesulfonyl’) rather than the alternative of ‘[TFSI]-’ and others 
that appear in the chemical literature.35-38 The structures and abbreviations of all cations 
and anions referred to in this investigation, and several others, are shown in Figure 1.2. 
 
1.3   Synthesis of high-purity ionic liquids 
 
Ionic liquids, in their purest form, are typically odourless, viscous and colourless liquids, 
except in circumstances where luminescent moieties are incorporated into the molecular 
structure,39 or if charge-transfer between cation and anion is enabled.40 Nevertheless, the 
preparation of any ionic liquid in the academic laboratory is likely to result in some colour. 
Colour is often more profound in commercially-obtained ionic liquids. Although the exact 
source of the colour is unknown, it is widely attributed to impurities of very low concen-
tration yet with extremely high molar absorption coefficients. Whilst even dramatic colour 
in an ionic liquid may not hinder performance for a broad variety of intended applications, 
it is nevertheless important to recognise that it represents a hindrance for sensitive UV-
vis techniques. Furthermore, colour may become problematic at reduced temperatures 
where the rate of thermal decomposition is below the detection limit of thermogravimetric 
methods.41 Where strictly necessary, ionic liquids may be ‘de-colourised’ by gentle heat-
ing in the presence of activated charcoal, onto which the coloured impurities are ad-
sorbed.42,43 In the first instance, colour can be avoided through careful minimisation of 
heat during the synthesis and drying of the ionic liquid.1,44,45 
 
The majority of ionic liquid syntheses are mechanistically simple, although preparation of 
high-purity ionic liquids presents a series of challenges. Several of the broad ensemble of 
conventional purification techniques are unsuitable when designing ionic liquid syntheses; 
the distillation of ionic liquids, though possible for select examples,46-48 is not a feasible 
method for generating large quantities of pure material, and preparative-scale chromato-
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graphy is rarely viable. Instead, ionic liquid syntheses must be approached from a differ-
ent angle, with an emphasis on the purification of starting materials by distillation, and by 
conducting the syntheses under colder and less extreme conditions to prohibit side react-
ions.44,45 Recrystallisation is a useful technique for subsequent purification of solid ionic 
liquid precursors, e.g. dialkylimidazolium halide salts. 
 
Common to all ionic liquid syntheses is the requirement for reactions to be performed un-
der rigorously anhydrous conditions. Water deactivates alkylation reactions via hydrogen-
bonding with the nitrogen lone pair of electrons on the N-heterocycle. Failure to rigorously 
exclude water will result in sluggish alkylation reactions and reduced yields. Therefore, 
distillation of starting materials, in the presence of a suitable drying agent, serves a dual 
purpose; removal of involatile residual impurities in the commercially-obtained material, 
and drying. Moreover, ionic liquids and crystalline precursors are very often hygroscopic, 
and must be stored in sealed, dry containers under a blanket of an inert gas to prevent 
contact with water. 
 
All discussion of ionic liquid synthesis must begin with their classification into two distinct 
categories, the so-called ‘protic’ and ‘aprotic’ ionic liquids. Protic ionic liquids are formed 
by the direct neutralisation of an acid with a base; the resultant liquid may be considered 
to exist in an equilibrium between the charged and neutral forms, with a heavy emphasis 
towards the charged species (the precise equilibrium quantities depend upon ΔpKa of the 
acid and the conjugate acid of the base). By contrast aprotic ionic liquids are prepared by 
an ‘irreversible’ alkylation mechanism of a nucleophile with an electrophile. Regardless of 
whether referring to protic or aprotic ionic liquids, syntheses can ordinarily be categorised 
into one of three types: (i) acid-base neutralisation; (ii) alkylation; (iii) metathesis reactions 
involving exchange of one ion for another and precipitation of a by-product salt (Fig. 1.4). 
 
 
 
 
Fig. 1.4   Example syntheses of a protic ionic liquid [C1Him][HSO4] via acid-base neutralisation, and 
an aprotic ionic precursor/liquid, [C4C1im]Cl/[C4C1im][NTf2], via alkylation and metathesis routes. 
Typical reaction conditions: (i) H2SO4, H2O, 0 °C, N2 gas; (ii) 1-chlorobutane, dry toluene, 70 °C, N2 
gas; (iii) Li[NTf2], dry CH2Cl2, 20 °C, N2 gas. Reaction times will vary. 
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For any target aprotic ionic liquid, there often exist multiple feasible routes to that same 
compound (the synthesis of protic ionic liquids is far more trivial), each carrying several 
advantages and disadvantages. The choice of reaction pathway should be informed by 
careful consideration of, among other factors: (i) safety hazards; (ii) the cost of starting 
materials; (iii) the green credentials (although ionic liquids themselves do not intrinsically 
meet the accepted criteria of green solvents49) and the environmental implications of sol-
vents, and; (iv) impurities likely to be carried into the product. Where possible, reactions 
employing acutely toxic methylating agents should be avoided. Expensive transition metal 
metathesis salts prohibit large-scale syntheses. Aqueous reactions are generally prefer-
able to those performed in organic media, especially where chlorinated solvents are re-
quired. All alkylations and metatheses are imperfect, and each route will inevitably carry 
forward some level of impurity into the product; the intended application of the target ionic 
liquid may affect which impurities are more tolerable than others, and hence which route 
is favourable.  
 
Frequently, the proposed route involves the compromise of at least one above-mentioned 
factor, demonstrated below using the example of the dialkylimidazolium carboxylate ionic 
liquid 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc] (Fig. 1.5). Suggested benefits 
and drawbacks for each strategy are tabulated (Table 1.1). 
 
Each of the reaction pathways to target compound [C2C1im][OAc] in Figure 1.5 inevitably 
begins with an alkylation step from commercially-obtainable neutral species. Pathway (a) 
proceeds via a halide intermediate. Here, the difficulty in handling gaseous chloroethane 
compared to liquid bromoethane should be weighed against the greater necessity to use 
a silver salt for metathesis with the bromide intermediate; silver(I) acetate is prohibitively 
expensive for large-scale syntheses.50  
 
Retrosynthetic pathway (b) (Fig. 1.5) appears convoluted on first inspection, although the 
initial two steps (alkylation then hydrolysis) are close to quantitative in yield, requiring only 
straightforward work-up. However, the alkylation presents a great safety hazard owing to 
the very high toxicity of dimethyl sulfate, and furthermore the total synthesis requires four 
consecutive steps. These drawbacks render pathway (b) relatively unattractive.  
 
The final synthetic step to [C2C1im][OAc] via pathways (b) and (c) is the neutralisation of 
an aqueous solution of 1-ethyl-3-methylimidazolium hydroxide with the conjugate acid of 
the ionic liquid, acetic acid. This clean reaction is performed in aqueous media, and yields 
only water as a by-product. Observing route (c), this aqueous hydroxide intermediate can 
be prepared by passing a precursor (e.g. halide) salt through a column containing an ion 
exchange resin. Similarly, this ion exchange is performed under aqueous conditions. 
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Fig. 1.5   Retrosynthetic analysis of aprotic carboxylate ionic liquid [C2C1im][OAc], showing several 
viable pathways, (a)-(c), involving alkylation, metathesis and acid-base neutralisation steps starting 
from commercially-obtainable neutral materials. 
 
 
Table 1.1   Benefits and drawbacks of each synthetic strategy, (a)-(c), for [C2C1im][OAc]. 
 
 
 
 
Using the example of [C2C1im][OAc] and the wider ionic liquid literature, regardless of the 
selected synthetic route, it appears that the use of ‘Volatile Organic Compounds’ (VOCs), 
either for the main procedure or work-up, cannot be entirely avoided. Therefore, despite 
the potential for ionic liquids themselves to serve as recyclable solvents for sustainable 
synthetic processes, the use of traditional VOCs in the preparation of ionic liquids cannot 
be ignored, and for this reason the credibility of ionic liquids as ‘green solvents’ has been 
Matthew T. Clough                                                                               Chapter 1 - An Introduction to Ionic Liquids 
 28 
called into question.49 Inexpensive protic ionic liquids, formed from the remarkably simple 
neutralisation of an acid with a base under aqueous conditions, can be expected to find 
increasing popularity in future in light of these issues.51,52  
 
In conclusion, for the academic or industrial chemist, careful deliberation of the benefits 
and drawbacks of alternative ionic liquid syntheses is paramount. Multiple factors, notably 
the safety, economic, environmental and purity implications, must be scrutinised prior to 
preparation of ionic liquids. 
 
1.4   Polarity of ionic liquids 
 
Ionic liquids are frequently employed as solvents for sustainable synthetic processes.1 In 
any instance, the polarity of a solvent directly influences the electronic environment of the 
solute. Therefore, the polarity and polarisability of a solvent are important considerations. 
An effectively limitless number of simple ionic liquids and mixtures are possible, and the 
direct measurement of polarity for each solvent is a time-consuming task. For this reason, 
the ability to accurately predict polarity behaviour of a new solvent system is desirable. 
An accepted definition of polarity states it to be ‘the sum of all possible (specific and non-
specific) intermolecular interactions between the solvent and any potential solute’.53,54 
This incorporates coulombic, dipole (permanent or instantaneous), hydrogen-bonding and 
acid-base interactions. Polarity is therefore a multi-faceted physicochemical property, and 
hence there is no universal method for determining absolute polarity; instead, a variety of 
empirical ‘polarity scales’ exist, each attempting to rationalise and subsequently to quan-
titatively predict the solvent environment exerted by a range of liquids. 
 
The ‘dielectric constant’, εr, is a single-parameter numerical polarity scale. This dielectric 
constant has been evaluated for an extensive range of common organic solvents in the 
chemical literature. This bedrock of data allows straightforward placement of ionic liquids 
into categories of ‘non-polar’ (εr < 9), ‘moderately polar’ (εr = 9-15) and ‘polar’ (εr = 15-30) 
solvents. Values of εr > 50 correspond to ‘highly polar’ solvents. Despite the charged 
ions, polarities of ionic liquids are lower than might have been expected; evaluation of the 
dielectric constant for ionic liquids typically places them in the ‘moderately polar’ category 
(εr = 9-15),55-60 comparable to short-medium chain alcohols. Examples of protic ionic 
liquids with dielectric constants in excess of 30 are known, for example ethylammonium 
formate, [C2NH3][HCO2];61 the ‘hard’ hydrogen-bond acceptor site on [HCO2]- accounts for 
the high value of εr. This trend continues across the range of ionic liquid anions, whereby 
εr decreases in order of decreasing anion basicity such that [HCO2]- > [EtSO4]- ≈ [NO3]- 
>> [OTf]- > [NTf2]- ≈ [PF6]-. The measured dielectric constant also diminishes as the alkyl 
chain on the cation increases in length, consistent with the behaviour of organic solvents. 
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The ‘Hildebrand’ solubility parameter, δH, is another single-parameter quantitative polarity 
scale.54 More specifically, it is a measure of the energy required to separate molecules of 
a solvent when a solute is dissolved. Determination of δH requires that the vaporisation 
enthalpy (ΔHvap) be known. Ionic liquids were previously believed to be completely non-
volatile, although this is now known to be false and ΔHvap can often be determined.62,63 
The Hildebrand solubility parameter, similar to the dielectric constant, places most ionic 
liquids in the range of short-medium chain alcohols, δH = 16.3-26.5 (J cm-3)0.5.64-67 
 
However, single-parameter polarity scales are of limited value because of their inability to 
distinguish between the different solvent-solute intermolecular interactions. For example, 
although it may be stated that the sum of the interactions of 1-hexyl-3-methylimidazolium 
hexafluorophosphate, [C6C1im][PF6] (εr = 8.9 ± 0.9 via dielectric spectroscopy),57 roughly 
equal those of dichloromethane, CH2Cl2 (εr = 8.93), it would be misleading to suggest that 
the individual prevailing interactions of these two solvents are necessarily similar. To add-
ress this key limitation it is necessary to develop multi-parameter empirical polarity scales 
capable of differentiating between the distinct molecular forces. 
 
The empirical multi-parameter solvent scale of Kamlet and Taft is now widely accepted as 
a useful method for the rationalisation and prediction of solvent properties.68-71 Moreover, 
it has been successfully applied to the study of ionic liquids.72-76 This ‘Kamlet-Taft’ polarity 
scale may be best represented by a ‘linear solvation energy relationship’ (LSER), where-
by a property ‘XYZ’ (in this instance the longest absorption wavelength of a series of sol-
vatochromic dyes, Fig. 1.6) is dependant upon three complementary solvent descriptors, 
α, β and π*: 
 
XYZ = XYZ0 + aα + bβ + sπ* + ...           (1.1) 
 
Herein, descriptors represent the ‘hydrogen-bond acidity’ (α), the ‘hydrogen-bond basicity’ 
(β), and the ‘polarity/polarisability’ (π*) of the solvent, with coefficients a, b and s. 
 
Dye species must meet certain criteria to be suitable for determining ‘polarisability’, π*: (i) 
the distribution of the electronic charge of the dye molecule must alter dramatically upon 
absorption of light at a suitable wavelength; (ii) the dye absorption wavelength in question 
must occur in a region that is higher than the cut-off of most solvents, to reduce the over-
lapping of peaks and difficulty in accurately determining the absorption wavelength. The 
aromatic dye N,N-diethyl-4-nitroaniline matches these criteria (Fig. 1.6). When dissolved, 
the energy difference between the ground and excited states of N,N-diethyl-4-nitroaniline 
changes depending on the ability of the solvent to stabilise charges and partial charges, 
accompanied by a change in absorption wavelength (Fig. 1.6b). 
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(a)       
 
(b)                                        
 
Fig. 1.6   (a) N,N-diethyl-4-nitroaniline and six further dyes used in establishing the π* ‘polarisability’ 
Kamlet-Taft descriptor, and ‘Reichardt’s Dye’ (far right); (b) The p→π* absorption excitation of N,N-
diethyl-4-nitroaniline. 
 
 
In order to establish the ‘uncontaminated’ π* parameter, it is critical to find a dye species 
lacking both the ability to donate and to accept hydrogen-bonds, i.e. aα ≈ 0, bβ ≈ 0, and 
equation (1.1) simplifies to ‘XYZ = XYZ0 + sπ*’. Fortunately, N,N-diethyl-4-nitroaniline is 
unable to donate hydrogen bonds due to the absence of any significantly acidic protons; 
consequently, regardless of the hydrogen-bond accepting capability of the solvent, bβ ≈ 
0. In addition, the diethylamino- nitrogen lone pair of electrons is deactivated via induction 
and resonance, and the nitro- oxygen atoms are too weakly hydrogen-bond accepting to 
bring about a measurable solvatochromic shift; therefore, N,N-diethyl-4-nitroaniline is only 
very weakly hydrogen-bond basic, and aα ≈ 0. 
 
To fully establish the π* parameter scale, the set of dyes was extended to include seven 
related compounds (Fig. 1.6a). Errors were therefore minimised through the combination 
of multiple linear functions,71 enabling accurate and well-defined values of π* for a broad 
range of solvents to be obtained (normalised to π* = 0.000 for cyclohexane, π* = 1.000 for 
dimethylsulfoxide).71 
 
The Kamlet-Taft β parameter cannot be established using the same method as that of π*, 
because no equivalent dye exists where the solvatochromic shift relies exclusively on the 
solvent hydrogen-bond basicity, β; in all circumstances the π* value of the solvent also in-
fluences the dye molecule. 
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Instead, it is sensible to compare two chemically-similar dye species that will experience 
approximately the same polarity/polarisability (π*) effect from the solvent, yet with greatly 
different responses to hydrogen-bond basic solvents (β).68 The dye pair of 4-nitroaniline 
and previously-discussed N,N-diethyl-4-nitroaniline fulfil these criteria; the two N-H bonds 
of 4-nitroaniline can donate hydrogen bonds to hydrogen-bond basic solvents, in contrast 
to N,N-diethyl-4-nitroaniline. Initially, the raw absorption data of a series of non-hydrogen-
bond basic solvents (e.g. benzene, cyclohexane, CCl4) is compared, giving a straight line 
of νN,N-diethyl-4-nitroaniline against ν4-nitroaniline. Subsequently any deviation from this straight line,  
ΔΔν, can be attributed directly to the hydrogen-bond basic character of the solvent under 
investigation. To normalise the hydrogen-bond basicity descriptor β, only one further data 
point is required (β = 1.000 for hexamethylphosphoramide); β is evaluated by measuring 
deviation from the straight line obtained from non-hydrogen-bond basic solvents in the 
two dyes. Where there is no difference in νN,N-diethyl-4-nitroaniline and ν4-nitroaniline, β = 0. Strictly, 
β cannot be universally defined, as the absorption data differs depending on the chosen 
pair of dyes. However, this difference is fairly minor for the majority of solvents. 
 
The Kamlet-Taft ‘hydrogen-bond acidity’ descriptor, α, is determined employing a similar 
method to β. However, it is difficult to locate an analogous dye pair for α as for β. Chosen 
dyes for comparison are therefore less chemically-similar to one another. Reichardt’s dye 
(Fig. 1.6a) is compared against a π* dye in a method described by Marcus et al.77 
 
Considering the Kamlet-Taft investigation of ionic liquids, the hydrogen-bond acidity, α, is 
largely determined by the availability of hydrogen-bond donor sites on the solvent cation. 
Unsurprisingly, substitution of relatively hydrogen-bond ‘acidic’ protons on alkylpyridinium 
and dialkylimidazolium cations for methyl groups results in a lower values of α.73 The sol-
vent hydrogen-bond basicity β value, however, is determined fundamentally by the ionic 
liquid anion, giving high basicity when the ionic liquid anion is strongly capable of accept-
ing hydrogen bonds. Liquids incorporating the bis(trifluoromethanesulfonyl)imide anion, 
[NTf2]-, exhibit lower β values than ionic liquids incorporating carboxylate anions.73 The π* 
value represents the ability of the ionic liquid to stabilise partial charges on the dye mole-
cule. Therefore, it is understandable that larger, charge-diffuse ions afford lower values of 
this polarisability descriptor and π* values for dialkylimidazolium salts are typically greater 
than those of pyridinium-derived liquids.73  
 
Kamlet-Taft polarity parameters can be determined by experimental techniques, although 
substantial progress has been made towards the accurate prediction of the descriptors by 
computational methods.72 Prediction of Kamlet-Taft values circumvents the requirement 
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to directly synthesise and painstakingly measure individual ionic liquids, of great practical 
worth to the synthetic chemist. 
 
The benefits associated with thorough Kamlet-Taft evaluation of ionic liquids extend well 
beyond their employment as solvents for synthetic chemical processes. Ionic liquids are 
finding ever more widespread use in the deconstruction and processing of lignocellulosic 
biomass.10-13 Of importance to this contribution, the solubility of cellulose in ionic liquids 
can be closely correlated with the hydrogen-bond basicity of the anion,13 discussed more 
fully in the following subchapter 1.5, Cellulose and ionic liquids. Furthermore, Kamlet-Taft 
characterisation of ionic liquids is of substantial value when examining their thermal stab-
ilities; the individual descriptors, α, β and π*, provide critical information about the precise 
electronic behaviour and the specific bonding interactions of the constituent ions. Under-
standing the stability of cellulose and other carbohydrate molecules in ionic liquids also 
relies upon a knowledge of hydrogen-bond acidity and basicity, highlighted by the results 
of chapter 6 of this contribution, Ionic liquids: not always innocent solvents for cellulose.  
 
1.5   Cellulose and ionic liquids 
 
Substantial and increasing interest has been devoted to the application of ionic liquids in 
the deconstruction and dissolution of lignocellulosic biomass.10-13 Aside from water, ligno-
cellulosic biomass is constructed from three main polymeric components: cellulose, hemi-
cellulose and lignin. The precise weight% contributions of the three components depends 
upon the plant species, plant tissue, and the growth conditions. Values are typically 35-50 
wt% and ~ 25 wt% for cellulose and hemicellulose, respectively; lignin accounts for the 
remainder. 
 
Lignin is a highly water-insoluble polymer with an irregular structure, constructed of three 
aromatic alcohol residues (‘guaicyl’, ‘syringyl’ and ‘p-hydroxyphenyl’), held together via a 
variety of distinct ether and ester linkages. Lignin acts as a water-proof, defensive barrier 
to chemical and biological attack of the cell wall. Hemicellulose is a branched, low mole-
cular weight carbohydrate polymer (degree of polymerisation ~ 100-200), incorporating a 
variety of hexose and pentose saccharide residues which may be substituted with acetyl, 
methyl, or carboxylic acid functional groups. Hemicellulose binds via non-covalent inter-
actions to cellulose. Cellulose is a highly linear carbohydrate polymer incorporating β-1,4-
glycosidic bonds that connect the repeating glucopyranose residues. It is the world’s most 
abundant bio-renewable material.78,79 The geometry of cellulose differs from that of struc-
turally-related starch, due to the equatorial versus axial directionality of the anomeric C1-
O bond (Fig. 1.7). 
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Fig. 1.7   The geometry at the anomeric C1 carbon controls the conformation of the polymer; β-1,4-
glycosidic bonds yield linear cellulose, α-1,4-glycosidic bonds give rise to helical starch. 
 
 
 
Cellulose exhibits multiple distinct crystalline polymorphs, denoted ‘cellulose Ia’, ‘cellulose 
Ib’  and ‘cellulose II’. Cellulose Ia and cellulose Ib are both biosynthetic, and are found as 
naturally occurring polymorphs in plant material. By contrast cellulose II is non-natural yet 
is the thermodynamically favoured polymorph. Cellulose I polymorphs consist of sheets of 
cellulose strands with strong intra-sheet hydrogen-bonding interactions. Individual sheets 
are partially staggered with respect to the neighbouring sheets above and below. Though 
similar, cellulose II incorporates additional inter-sheet hydrogen-bonding.80-82 The degree 
of polymerisation for cellulose is substantially greater than hemicellulose, often exceeding 
10 000 glucopyranose residues in a single polymer chain.83 
 
Traditional methods for separation of the three lignocellulosic components have typically 
focused on the enrichment of the cellulose component by dissolution and extraction of the 
other two. The ‘Kraft’ pulping procedure involves immersion of biomass into an aqueous 
mixture of sodium hydroxide and sodium hydrogen sulfide, and the subsequent heating of 
this suspension at 130-180 °C for a period of several hours; herein, the hemicellulose and 
particularly the lignin components are hydrolysed and solubilised. This aqueous ‘liquor’ is 
then removed, concentrated, and burned for energy generation. Therefore, Kraft pulping 
and similar processes exploit the relative ease of hydrolysis of lignin and hemicellulose in 
order to enrich the cellulose component. 
 
Mechanical and chemical processing of cellulose affords a broad variety of textiles, fuels 
and valuable materials, potentially circumventing the reliance on petrochemical sources. 
However, usually the processing of cellulose requires that the polymer first be dissolved. 
Despite the high solubility of glucose, cellobiose and other short cellooligomers in water, 
cellulose itself is highly water-insoluble. Furthermore, the strong intermolecular and intra-
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molecular hydrogen bonds of cellulose render it largely insoluble in the majority of con-
ventional organic solvents. This ‘recalcitrance’ of cellulose is a major barrier to the effect-
ive harvesting of such an abundant natural resource. In order to exploit the great potential 
of cellulose, it is necessary to first locate and develop novel cellulose solvent systems, 
and to understand in detail the precise interactions occurring when solvation takes place. 
Discussion of conventional methods for the deconstruction and chemical modification of 
lignin and hemicellulose are beyond the scope of this brief subchapter, but these have 
been reviewed carefully in the recent chemical literature.13 
 
Until the recent emergence of ionic liquids, the principle methods for cellulose dissolution 
involved a solvent of N-methylmorpholine-N-oxide (NMMO) in the ‘Lyocell process’,84,85 or 
the ‘Viscose process’ involving direct chemical functionalisation of hydroxyl residues with 
CS2 to form xanthate esters; subsequent hydrolysis regenerates cellulose.81 Each of the 
two methods carries a substantial drawback; the thermal stability of NMMO is very poor, 
limiting the operating temperature of cellulose dissolution to processes to below 90 °C,86 
and the Viscose process generates twice the quantity of waste by-product relative to the 
desired cellulose product.81 Moreover, there are acute safety concerns associated with 
the use of highly flammable and volatile carbon disulfide. 
 
Ionic liquids demonstrate the potential to overcome such difficulties, offering the following 
beneficial properties: (i) ionic liquids exert low vapour pressures,46,87 and therefore lack 
the flammability hazards of CS2; (ii) although precise thermal decomposition behaviour is 
often unknown, the stability of ionic liquids almost invariably exceeds that of NMMO88; (iii) 
despite the relatively high cost of preparing high-purity aprotic ionic liquids, their potential 
for recycling and reuse renders them economically viable as cellulose solvents; (iv) where 
ionic liquids are non-derivatising and chemically inert towards the cellulose, they may be 
regarded as true solvents, unlike the Viscose process. It has been known for some time 
that 1-ethylpyridinium chloride, [C2py]Cl, dissolves cellulose at elevated temperatures.89 
Nevertheless, the discovery by Swatloski et al. that the contemporary ionic liquid 1-butyl-
3-methylimidazolium chloride, [C4C1im]Cl, dissolves a significant quantity of cellulose has 
sparked a widespread interest into ionic liquid-assisted dissolution procedures, including 
the use of ‘organic electrolyte’ solutions.13,90,91 Depending on the chosen constituent ions 
and conditions, cellulose solubility of > 15 wt% has been achieved.92 Dissolution is more 
rapid and the maximum solubility higher at elevated temperatures. 
 
Great effort has been made towards understanding the precise relationship between ionic 
liquid chemical structure and its cellulose-dissolving capability. Strong hydrogen-bonding 
interactions between the ionic liquid anion and the equatorial hydroxyl groups of cellulose 
appear to be integral, demonstrated from NMR studies of glucose and cellobiose in ionic 
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liquids,93 and Molecular Dynamics (MD) simulations of cellooligomers with [C2C1im][OAc] 
and [C4C1im]Cl.94 Thus, ionic liquids incorporating strongly hydrogen-bonding carboxyl-
ate, dialkylphosphate/dialkylphosphonate, chloride and amino acid anions represent good 
cellulose-dissolving solvents (Fig. 1.8). The precise hydrogen-bond basicity strength of an 
ionic liquid may be quantified according to the previously-mentioned Kamlet-Taft β polar-
ity descriptor (see 1.4, Polarity of ionic liquids). It is important to recognise that any value 
of β does not uniformly describe that ionic liquid under all conditions; Doherty et al. high-
lighted the impact of water content on the hydrogen-bond basicity, β.95  
 
Protic ionic liquids are often poor solvents for cellulose, attributed to the stronger cation-
anion association strength in comparison to aprotic species.12,92 Exceptions to this trend 
arise when a superbase (e.g. tetramethylguanidine or 1,8-diazabicyclo[5.4.0]undecene) is 
neutralised with a weakly acidic species, e.g. propionic acid (Fig. 1.8).96,97 
 
 
 
 
 
Fig. 1.8   Effective cellulose-dissolving aprotic (top) and protic (bottom) ionic liquids.90,96,98-100 
 
 
 
 
 
 
Fig. 1.9   Diagram showing possible interaction of the [C2C1im]+ cation above and below the plane 
of the cellulose chain, and in-plane hydrogen-bonding interaction of acetate with hydroxyl residues. 
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By drawing together the collective insights of multiple literature investigations, Brandt et 
al. determined that β = ~0.8 appears to be a ‘cut-off’ point,13 below which ionic liquids fail 
to dissolve any appreciable quantity of cellulose. However, the authors pointed out that in 
the proximity of this cut-off, secondary steric effects play a role in determining solubility of 
cellulose; this would explain how [C4C1im]Cl (β = 0.83) is capable of dissolving cellulose, 
whereas [C4C1im][(CH3)2PO3Se] and [C4C1im][CH3SO3] (β = 0.82 and 0.77, respectively) 
are not.73 
 
The importance of the ionic liquid cation in determining cellulose solubility has only been 
recognised in fairly recent literature.92,101,102 The precise bonding interactions of the cation 
with the cellulose chain are not fully understood, nevertheless it is established that the 
cation preferentially adopts locations above and below the plane of the chain.102 It is 
sensible to consider cellulose as amphiphilic, offering a predominantly hydrophilic surface 
of hydroxyl residues at the equatorial positions, and a largely hydrophobic surface out of 
the polymer plane. Suggested bonding interactions of [C2C1im]+ and [OAc]- with cellulose 
are highlighted in Figure 1.9. 
 
In conclusion, the pairing of small, weakly-coordinating cations (low α) with small, strong 
hydrogen-bonding anions (high β) gives rise to effective cellulose-dissolving ionic liquids. 
1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc], is a promising candidate, and has 
become a preferred choice for cellulose dissolution.95 Considering the rapidly increasing 
popularity of ionic liquids for the dissolution of cellulose, important questions arise as to 
their suitability: “to what maximum temperature can I heat my ionic liquid?”; and “are ionic 
liquids truly inert solvents for cellulose?”. The following chapters 4, 5 and 6 provide partial 
answers to these crucial concerns. 
 
1.6   Ionic liquid thermal stability: a hot topic 
 
The previous subchapters in ‘An Introduction to Ionic Liquids’ have briefly introduced the 
field of ionic liquids, including their high-purity syntheses, their polarity properties, and the 
ever-growing application of ionic liquids in the separation, dissolution and regeneration of 
cellulose. As ionic liquids become ever-more widespread across the whole spectrum of 
chemical science, it is increasingly important to understand physicochemical properties 
that define their macroscopic behaviour. 
 
Typically, ionic liquid-assisted processes and experiments operate at high temperatures; 
for example, the dissolution of cellulose is more facile, and reaction rates for ionic liquid-
catalysed processes are more rapid, at elevated temperatures. Considering the number 
and variety of ionic liquid applications requiring the input of heat, and the vanishingly low 
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volatilities of most ionic liquids compared to VOC equivalents, the topic of thermal stability 
is of fundamental importance. A thorough thermal investigation must focus on long-term 
stabilities, prevailing decomposition mechanisms, and safety implications of any thermal 
decomposition products evolved. Furthermore, the impact of environmental conditions on 
stability must be considered; simply quoting a ‘decomposition temperature’ is essentially 
meaningless unless the precise experimental details are stipulated and are reproducible. 
Ionic liquid thermal stability, therefore, is a significant topic. Elucidating the decomposition 
behaviour for simple ionic liquids forms a foundation of knowledge when beginning to 
study more complex mixtures incorporating additional chemical components, for example 
solutions with dissolved carbohydrates. 
 
Ionic liquid thermal stability has been the subject of a great number of publications in the 
recent literature, and the findings are summarised in several review articles.88,103 In this 
contribution the following chapter 2, Decomposition of Ionic Liquids: a review, details and 
critically evaluates key progress in this field. Chapter 3, Methods, explains the theory and 
background of all the principle techniques employed in the subsequent discussion. 
 
Despite the number of reports addressing ionic liquid stability, the precise decomposition 
behaviour of many ionic liquid-containing systems remains poorly understood. The results 
chapters 4, 5 and 6 of this contribution therefore describe investigations into the thermal 
stabilities of the now-favoured carboxylate ionic liquids, and subsequently their reactivity 
with dissolved cellulose and other carbohydrate species, employing a varied ensemble of 
experimental and computational techniques. 
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Chapter 2 
Ionic Liquid Decomposition: a review 
 
 
Thermal stability is an important consideration when designing any experiment employing 
an ionic liquid at elevated temperatures; a great many applications fall into this category, 
including synthetic chemistry featuring an ionic liquid solvent or catalyst, ionic liquids as 
lubricants, and ionic liquids in the dissolution and pretreatment of lignocellulosic biomass. 
Therefore, thermal stability is a subject that deserves careful and thorough investigation. 
 
The existing chemical literature on ionic liquid thermal stability is critically and concisely 
reviewed in this chapter. Initially, the profound effect of ionic liquid chemical structure on 
thermal stability is discussed, and trends are described where possible. Discussion of the 
impact of impurities and other experimental variables on ionic liquid stability is included. 
 
Subsequently, insights into the long-term stability behaviour of ionic liquids are described; 
this data is valuable to the industrial or academic chemist designing an ionic liquid-assist-
ed procedure that requires long operating times, or recycling of the ionic liquid compon-
ent.  
 
The prevailing thermal decomposition mechanisms are of similar importance, as the build 
up of toxic, flammable and volatile degradation products poses significant safety hazards. 
Furthermore, the interference of reactive decomposition species will reduce the efficiency 
of the process. Though individual decomposition pathways for ionic liquids are sometimes 
trivial to explain and model, multiple mechanisms often occur simultaneously, rendering it 
more difficult to decipher the contributions from each of the reaction pathways to the net 
degradation of the parent ionic liquid. Moreover, subtle modifications to the structure and 
chemical substituents of the liquid are capable of bringing about a dramatic change in the 
prevailing thermal decomposition mechanisms. The body of chemical literature regarding 
the mechanisms of ionic liquid decomposition is reviewed. 
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Finally, although once it had been believed that ionic liquids were wholly non-volatile, it is 
now established that they often exhibit a measurable and non-negligible vapour pressure. 
Therefore, when discussing the use of ionic liquids at high temperatures, it is inadequate 
to assume that all mass loss arises from thermal decomposition of the ionic liquid and 
subsequent vaporisation of the neutral decomposition products. Evaporation of the ‘intact’ 
ionic liquid is therefore considered and evaluated. 
 
For clarity, it is necessary to define the scope of a review of ionic liquid ‘decomposition’. 
In this contribution, discussion is limited to literature on thermal stability, excluding studies 
on the electrochemical stability1 and the bio-degradability of ionic liquids.2-6 Moreover, this 
review is predominantly restricted to circumstances and procedures in which thermal de-
composition is undesirable. Materials purposefully designed for explosive degradation, or 
‘energetic salts’, are therefore also omitted; for a comprehensive summary, the reader is 
directed to a recent review article by Gao and Shreeve.7 
 
2.1   Thermal stability and the choice of constituents 
 
The electronic and steric characteristics of the selected ions, and the presence of reactive 
functional groups, are fundamental in determining the overarching thermal stability of an 
ionic liquid. There exists an essentially limitless number of cation-anion combinations that 
give rise to ionic liquids. For the synthetic chemist seeking to prepare a thermally stable 
ionic liquid, understanding the relative contributions of different chemical moieties to stab-
ility is vital. Where substituents are not themselves directly involved in the predominant 
thermal decomposition mechanism, it may be possible to make substantial modifications 
to those groups without causing a significant sacrifice in thermal stability. Furthermore, 
addition of electron-withdrawing/donating substituents, or steric blocking groups, may be 
capable of improving thermal stability to the ionic liquid, without diminishing the suitability 
of the ionic liquid towards its intended application. In other instances, simply substituting 
one hetero-atom for another may potentially bring about a profound reduction in thermal 
stability. Therefore it is necessary to elucidate structure-stability relationships covering a 
wide range of ionic liquid classes. 
 
Temperature-ramped or ‘scanning’ Thermogravimetric Analysis (TGA) experiments have 
been widely employed in the study of ionic liquid thermal stabilities.8-47 In addition, pyroly-
sis/mass spectrometry techniques have provided valuable data regarding both relative 
and absolute stabilities of ionic liquid compounds.48,49 TGA theory and methodology is 
described thoroughly in the following chapter 3, Methods. 
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Fig. 2.1   Example quaternary imidazolium salts in a 1977 thermolysis investigation by Chan et al.48 
 
 
An important early investigation by Chan et al. employed pyrolysis techniques in order to 
assess the relative ease of cleavage of differing alkyl, alkenyl and aryl N-substituents on 
‘imidazole quaternary salts’ (the work pre-dates the field of contemporary ionic liquids).48 
The investigated organic salts were generally of the form [CRC1im][X], where R denotes a 
linear or branched alkyl chain, or else vinyl, allyl, phenyl or benzyl. The investigated anion 
‘X’ was Cl-, Br-, I-, [ClO4]- or [BPh4]-. Selected ions employed by Chan and co-workers are 
shown in Figure 2.1. Pyrolyses were performed in the temperature range of 220 - 260 °C, 
for periods of 0.5 - 1.5 hours under reduced pressure. Relative reactivities of substituents 
were determined from the quantities of 1-substituted imidazole products observed. 
 
 
 
 
 
Fig. 2.2   Diagram demonstrating the relative ease of pyrolytic cleavage of various R substituents in 
[CRC1im]I quaternary salts,48 relative to methyl = 1.0. Values are obtained by evaluating quantities 
of the 1-substituted imidazole products. 
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By first examining the series of 1,3-di-substituted imidazolium iodides [CRC1im]I, the 
authors demonstrated an approximate reactivity series of N-substituents relative to 
methyl = 1.0 (Fig. 2.1, 2.2). They suggested that an SN2 dealkylation mechanism likely 
accounted for the observed 1-substituted imidazole products. Moreover, Chan et al. 
observed exchange of the imidazolium C2 proton for deuterium for particular quaternary 
salts, when dissolved in D2O. This phenomenon relates to formation of N-Heterocyclic 
Carbene (NHC) species, an important category of intermediates in ionic liquid thermal de-
composition mechanisms. This behaviour is discussed in detail in the following subchap-
ter 2.3.2, N-Heterocyclic Carbene formation. 
 
The investigation highlighted that allyl substituents are most readily dealkylated, followed 
by benzyl or short-chain aliphatic groups. Increasing the alkyl chain length enhances the 
stability to cleavage, attributed to the increasing steric shielding in the proximity of the α-
carbon atom. By contrast vinyl and phenyl substituents, lacking an sp3-hybridised carbon 
centre adjacent to the ring nitrogen, were observed to be almost completely resistant to 
dealkylation. 
 
In addition to the identity of the dialkylimidazolium nitrogen substituents, the nature of the 
selected anion significantly influences the stability of the resultant organic salt. Chan et al. 
included a limited sample of anions in their investigation. They observed that larger iodide 
anions, I-, exhibit greater selectivity for the less hindered imidazolium substituent than the 
smaller Cl- and Br- anions. For salts incorporating either [ClO4]- or [BPh4]-, the steric bulk 
or low nucleophilicity of the anion prevented dealkylation from occurring. 
 
Therefore, this early thermolysis study by Chan et al.48 provides crucial insights into the 
trends and patterns of thermal decomposition behaviour exhibited by the now widespread 
dialkylimidazolium class of ionic liquids, which are similarly demonstrated by examples in 
the contemporary ionic liquid literature; modifications in both cation and anion structures 
dramatically influence thermal stability and other physicochemical properties of the ionic 
liquid. 
 
More recently, the thermal stabilities of ionic liquids have been extensively investigated 
using Thermogravimetric Analysis (TGA). TGA experiments can be broadly divided into 
two categories (discussed more fully in chapter 3, Methods): (i) ‘temperature-ramped’ or 
‘scanning’ TGA experiments determine the change in weight% of a chemical sample as a 
function of temperature, with a programmed steady temperature gradient; (ii) ‘isothermal’ 
TGA experiments, by contrast, examine the change in weight% as a function of time, with 
a constant sample temperature.  
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Temperature-ramped TGA measurements are trivial and quick to perform. A selection of 
experimental parameters can subsequently be obtained from the thermograph, foremost 
‘Tonset’ which is obtained via a step tangent method (discussed in chapter 3, Methods). In 
addition to the Tonset parameter, the temperature by which an arbitrary loss of mass has 
occurred, ‘Tx’ is sometimes recorded (e.g. T0.5 refers to the temperature of 50% weight 
loss),50-52 or else the temperature at which the first weight loss is observed, Tstart.17 Tonset, 
T0.5 and Tstart parameters are demonstrated in graphical form for an example temperature-
ramped TGA thermograph, in Figure 3.4. 
 
In all discussion of the results that evolve from temperature-ramped TGA experiments, it 
must be recognised that Tonset, Tstart and Tx all represent dramatic overestimations of the 
long-term safe operating temperatures of the compound under investigation; the sample 
temperature does not have time to fully equilibrate to the TGA furnace temperature under 
the conditions of the programmed heating rate (typically 10 or 20 °C min-1). It is therefore 
wholly inadequate to reason that, for example, a Tonset value of 300 °C validates the safe 
use of that compound at 280 °C for extended periods of time. This misinterpretation of the 
Tonset parameter has been the source of some confusion in the ionic liquid literature. Red-
ucing the heating rate may reduce the Tonset temperature to give a slightly improved ap-
proximation of the safe operating temperature limit. However, this method significantly 
prolongs both the experimental time and consumption of the flow gas. 
 
Although Tonset is insufficient to account for the long-term thermal stability of an individual 
compound, the measurement of Tonset across a broad series of compounds allows rapid 
comparison of their relative stabilities, when experimental conditions are kept uniform. To 
date, a great number of research articles report Tonset values for a highly broad and varied 
range of simple ionic liquids,10-12,15-17,19,20,30,34,41,43 and ionic liquid mixtures.47 
 
Prasad et al. contrasted the thermal stabilities of a series of ionic liquids incorporating a 
symmetrical tetraalkylammonium cation [(Cn)4N]+ (n = 1-4), paired with a common anion, 
[BF4]-.9 The ‘Tstart’ and ‘T0.5’ values (denoted ‘Ti’ and ‘T50’ in their paper, respectively), and 
the ‘Tf’ (temperature of full decomposition) value, were measured and discussed. A gene-
ral trend of increasing thermal stability with decreasing cation alkyl chain length evolved 
from the measurements, demonstrated by a gradual fall in Tstart from 415 °C for [(C1)4N]-
[BF4] to 325 °C for [(C4)4N][BF4]. However, the great similarity in Tstart, T0.5 and Tf values 
for the analogous three-carbon and four-carbon ionic liquids was attributed to the stabilis-
ing effect imparted by a cyclic aziridine intermediate for the four-carbon salt, a phenom-
enon observed previously.8 
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In their 2000 publication, Ngo et al. highlighted a variety of structure-stability relationships 
for ionic liquids with alkylated imidazolium cations and halide or fluorinated anions.10 They 
employed several acyclic tetraalkylammonium ionic liquids and precursors for compara-
tive purposes. Their study was two-fold, employing TGA in conjunction with ‘Scanning 
Differential Thermal Analysis’ (SDTA), comparing both the thermal stabilities and the exo- 
or endo-thermic nature of the decomposition process. A selection of the constituent ions 
studied by Ngo and co-workers are displayed below (Fig. 2.3). 
 
From this collective data, it can be clearly deduced that principally the anion structure, but 
also the cation structure and the extent of substitution on the imidazolium ring, play a key 
role in determining the relative thermal stability of the resultant ionic liquid. The addition of 
alkyl substituents to the carbon atoms of the imidazolium ring, foremost at the C4 and C5 
positions, enhances the stability of the ionic liquid. This phenomenon is exemplified by 
the minor gain in thermal stability from [C2C1im]Cl (Tonset = 281 °C) to [C3C1C12im]Cl (Tonset 
= 284 °C), yet the improvement in stability afforded by per-methylation of the cation (Tonset 
= 333 °C for [C1C1C12C14C15im]I versus 310 °C for [C2C1im]I) is of greater significance.  
 
Modification of the anion yields far more substantial disparities in the thermal stabilities of 
the ionic liquid; for instance, for a given cation, Ngo et al. demonstrated an increase in 
Tonset of 133 - 178 °C by exchanging Cl- or I- for bis(trifluoromethanesulfonyl)imide, [NTf2]-. 
Within the investigated sample of liquids, those incorporating the [NTf2]- anion were of 
approximately equivalent thermal stability to their bis(pentafluoroethanesulfonyl)imide, 
[N(SO2C2F5)2]-, and tris(trifluoromethanesulfonyl)methide, [CTf3]-, equivalents. In the most 
part, incorporating an acyclic tetraalkylammonium cation gave rise to ionic liquids of lower 
stability than when employing an alkylated imidazolium cation. 
 
 
 
 
Fig. 2.3   Alkylated imidazolium and acyclic tetraalkylammonium cations, and halide/fluorinated an-
ions, investigated by Ngo et al.10 
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It is perhaps unsurprising that substitution and structural alteration of the constituent ions 
dramatically influences the thermal stability of the ionic liquid. However, it is striking that a 
moderate change in the experimental conditions can also greatly alter the decomposition 
behaviour of the organic salt. 
 
In their study, Ngo and co-workers also contrasted thermal decomposition of ionic liquids 
under a flow of inert N2 and subsequently under oxygenated conditions.10 It was observed 
that, although the Tonset temperatures were relatively unchanged in the different gaseous 
conditions, the thermodynamics of decomposition can change. Furthermore, the material 
from which the TGA pan is constructed was demonstrated to influence thermal behaviour.  
 
Ionic liquid 1-ethyl-3-methylimidazolium hexafluorophosphate, [C2C1im][PF6], exemplifies 
these two phenomena; when under a nitrogen atmosphere, the SDTA experiments reveal 
that an endothermic thermal decomposition process occurs, although under oxygenated 
conditions the process becomes exothermic midway through the weight loss stage. It is 
probable, therefore, that the oxygen promotes an alternative decomposition mechanism. 
In addition, a substantial decrease in thermal stability was observed upon exchange of an 
Al2O3 pan (Tonset = 481 °C) for an Al metallic pan (Tonset = 375 °C). Therefore this study by 
Ngo et al. highlights the importance of considering all experimental conditions, in addition 
to the intrinsic reactivities of the constituent ionic liquid ions.10 
 
In addition to the investigations of Prasad8,9 and Ngo10 above, a wealth of publications 
have emerged in the chemical literature describing and contrasting the thermal decompo-
sition behaviour of ionic liquids, with reference to the Tonset and other parameters evolving 
from TGA. Moreover the variety of ion classes available to the ionic liquid synthetic chem-
ist has become significantly broader; among others, imidazolium, pyrrolidinium, piperidin-
ium, pyridinium, acyclic ammonium, sulfonium, phosphonium and 1,8-diazabicyclo[5.4.0]-
undecenium moieties are frequently incorporated into the ionic liquid cation (Fig. 1.2), and 
the available anions are equally varied. As described above, a multitude of experimental 
variables are capable of influencing the observed thermal decomposition behaviour of an 
ionic liquid, including, but not limited to, the identity and flow rate of the gas, the sample 
quantity, the material from which the pan is constructed, residual impurities in the ionic 
liquid sample, and also the moderate inconsistencies arising from different manufactur-
ers’ TGA analysers. These conditions are by no means uniform across the whole ionic 
liquid literature. The greatest accuracy of comparison can be achieved with ionic liquids 
from one individual study (and care is taken to maintain experimental consistency). When 
contrasting the thermal stabilities of ionic liquids between one publication and another it is 
necessary to be mindful of potential sources of error, and not to overstate the conclusions 
when ΔTonset is small. Nevertheless structure-stability trends are apparent (Table 2.1). 
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Table 2.1   Tonset thermal decomposition temperatures for selected ionic liquids/precursors from the 
chemical literature. Data is restricted to those measurements performed using TGA apparatus with 
a heating rate of 10 °C min-1, under a nitrogen or argon atmosphere. References are denoted with 
superscript numbers, superscript letters refer to the TGA pan material; a = Al metal, b = Al2O3, c = 
Pt metal, d = unspecified. [C4C1trz]+ = 1-butyl-4-methyl-1,2,4-triazolium, [C1C1C14pz]+ = 1,2,4-trimet-
hylpyrazolium, [C6-DABCO]+ = 1-hexyl-1,8-diazabicyclo[2.2.2]octanium.  
 
Nomenclature schemes for all other ion types are detailed in Figure 1.2 and in subchapter 1.2 Ionic 
liquid nomenclature.  
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Examining the ionic liquid Tonset data in Table 2.1, it is apparent that modifications to both 
the cation and anion have the potential to greatly alter the thermal stability of the resultant 
ionic liquid, in agreement with the individual early studies outlined above.10,48 
 
For liquids incorporating the bis(trifluoromethanesulfonyl)imide anion, [NTf2]-, those with a 
dialkylimidazolium (e.g. [C4C1im]+,11,20,34 [C3C1C12im]+,15 [(HO)C2C1im]+ 43) or dialkylpyrroli-
dinium ([C4C1pyrr]+ 19,20) cation core exhibit the highest thermal stabilities, whereby Tonset 
exceeds 420 °C. Opting instead for an acyclic tetraalkylammonium ([C4(C1)3N]+)20, alkyl-
pyridinium ([C4py]+)30 or tetraalkylphosphonium ([C14(C6)3P]+)19 cation core results in a 
moderate sacrifice in stability, with Tonset values in the range 395 - 420 °C. Triazolium 
([C4C1trz][NTf2], Tonset = 365 °C) and 1,8-diazabicyclo[2.2.2]octanium ([C6-DABCO][NTf2], 
Tonset = 370 °C) ionic liquids are marginally less stable;42,45 sulfonium ionic liquids exhibit 
the poorest thermal stability of the cation varieties listed in Table 2.1 ([C2(C1)2S][NTf2], 
Tonset = 290 °C).21 Despite the minor reduction in thermal stability of tetraalkylphospho-
nium [NTf2]-  ionic liquids relative to the dialkylimidazolium species, by contrast tetraaryl-
phosphonium species (e.g. [Ph4P][NTf2]) exhibit profound long-term thermal stabilities, 
displaying only minor discolouration when heated for 96 hours at 350 °C in air.53 Never-
theless, for the [NTf2]- ionic liquids investigated using temperature-ramped TGA (Table 
2.1), modification and substitution of the cation yields ionic liquids with Tonset values that 
may differ by > 150 °C. Substitution of a dialkylimidazolium core for an alternative cation 
variety typically yields an ionic liquid of equal or lower thermal stability. 
 
The is no apparent uniform impact of cation alkyl chain extension on ionic liquid thermal 
stability. For dialkylimidazolium tetrafluoroborate ionic liquids, [CnC1im][BF4], elongation of 
the alkyl chain from n = 4 to n = 18 causes a significant reduction in Tonset from 403 °C to 
360 °C.11 Similarly, [C4C1im]Cl exhibits lower thermal stability than [C2C1im]Cl (ΔTonset = ~ 
30 °C. By contrast, for alkylpyridinium ionic liquids ([Cnpy]Br and [Cnpy][NTf2]), and for the 
dialkylimidazolium bis(trifluoromethanesulfonyl)imide liquids ([CnC1im][NTf2]), extension of 
the alkyl chain has only a minimal effect, if any, on the measured Tonset value.17 There-
fore any effect is likely to be dependant on the ion types, and hence on the prevalent 
thermal decomposition mechanism or mechanisms. The reduced stability of longer-chain 
ionic liquids has previously been attributed to greater stabilisation of carbocation or cation 
radical decomposition intermediates that form from SN1-type mechanisms.10 
 
Incorporation of additional alkyl substituents onto an imidazolium or pyridinium ring offers 
only a minor (if at all) improvement in thermal stability; this is exemplified for acetate ionic 
liquids [C4C1im][OAc] (Tonset = 216 °C)43, [C4C1C12im][OAc] (Tonset = 226 °C)43, hexafluoro-
phosphate liquids [C2C1im][PF6] (Tonset = 481 °C)10, [C2C1C12im][PF6] (Tonset = 500 °C)10, 
and bromide liquids [C4py]Br (Tonset = 237 °C)17, [C4C13C15py]Br (Tonset = 239 °C)17. 
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Strikingly, despite the observations of Chan et al. that N-allyl substituents are most easily 
cleaved during pyrolysis of di-substituted imidazolium halide salts, the data in Table 2.1 
indicates that Tonset values for [C1=C2C1im]X (X = Cl-/Br-) compounds are highly similar to 
their equivalent [C4C1im]+ species.11,15,43 Thus, at least for the limited sample of ionic liq-
uids compared here, substitution of an N-alkyl group for an N-allyl substituent has a neg-
ligible influence on the thermal stability of the imidazolium species. Furthermore, incorpo-
ration of a terminal-hydroxyalkyl residue (e.g. [(HO)C2C1im]+) causes a modest improve-
ment in thermal stability, when the cation is paired with a chloride or acetate anion. 
 
All changes in ionic liquid thermal stability upon cation modification are overshadowed by 
the impact of anion substitution; the list of 15 [C4C1im]-containing ionic liquids in Table 2.1 
demonstrates the dramatic range in thermal stability obtainable by alteration of the anion. 
By way of example, the trifluoroacetate, [CF3CO2]-, and methyl sulfate, [CH3SO4]-, anions 
are of approximately equal size and molecular weight, yet their pairing with the [C4C1im]+ 
cation yields ionic liquids with Tonset values differing by > 200 °C.12,17,47 A similarly signi-
ficant ΔTonset of > 150 °C is observed when comparing [C4py]Br with [C4py][NTf2].17,20,30,43 
 
On first inspection of the [C4C1im]-containing ionic liquids (Table 2.1), it is evident that the 
salts of greatest thermal stability typically incorporate a relatively charge-diffuse and often 
fluorinated anion, lacking any significant nucleophilic/basic character (e.g. the conjugate 
anions of strong or super-acids H[BF4], H[OTf] and H[NTf2]). By contrast anions exhibiting 
moderately high nucleophilicity (e.g. Br-, I-) or basicity (e.g. [OAc]-) yield ionic liquids of far 
lower stability.15,17,43 Within the halide series, despite the known increase in nucleophilici-
ty of the halide with increasing size (down period 17), chloride ionic liquids/precursors 
typically exhibit lower Tonset temperatures than bromide and iodide equivalents.11,15,43 One 
likely rationalisation is that any steric constraints associated with nucleophilic attack of a 
halide anion are less significant with the smaller chloride anions, and that the mobility of 
chloride is more facile than for bromide or iodide in the molten salt. 
 
Although only a limited number of compounds have been compared by TGA experiments 
using different pan materials, the ionic liquid demonstrating the most striking difference is 
[C2C1im][PF6]; Tonset = 375 °C using aluminium metal pans,10 whereas Tonset = 481 °C with 
an Al2O3 pan.10 It is probable that further investigation would highlight other examples that 
exhibit significantly different thermal decomposition behaviour dependant on the material 
from which the reaction container is constructed. Furthermore, there are doubtless other 
unknown experimental parameters that influence ionic liquid thermal stability. Whilst the 
observed decomposition behaviour of any ionic liquid can, to a large extent, be explained 
on the basis of steric and electronic properties of the individual ions and their interactions, 
other ‘external’ factors also play a role.   
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Overall, considering the collective data in the ionic liquid literature, there are several key 
strategies that may be employed when designing ionic liquids of high thermal stability; (i) 
ionic liquids incorporating cyclic cations are favourable over acyclic tetraalkylammonium 
species; (ii) dialkylimidazolium-derived ionic liquids are of equal or greater stability than 
their triazolium, pyrazolium, pyrrolidinium and pyridinium equivalents; (iii) charge-diffuse, 
weakly-coordinating, non-nucleophilic anions (e.g. [NTf2]-, [N(SO2C2F5)2]-, [OTf]-, [CTf3]-) 
are preferable to the comparatively nucleophilic/basic and strongly-coordinating halide or 
carboxylate anions (e.g. Cl-, [OAc]-); (iv) short alkyl chains are preferable to long chains; 
(v) additional alkyl substituents on the cation ring structure may enhance thermal stability, 
but are also likely to raise the melting point of the salt via an increase of van der Waals 
interactions; (vi) heteroatomic substitution of the alkyl side chains may further improve the 
thermal stability. On the basis of these strategies, the ionic liquids [C3C1C12im][NTf2] and 
[C2C1C12im][PF6] (Tonset = 462 °C 15 and 500 °C 10, respectively) exhibit profound thermal 
stabilities, among the highest observed for organic ionic liquids.  
 
Although the data is not directly comparable to the TGA experiments summarised above, 
Anderson et al. developed N-benzyl and N-(p-methoxyphenyl) trifluoromethanesulfonate 
ionic liquids capable of withstanding temperatures of 260 °C for extended periods (as the 
liquid phase for ‘Gas-Liquid Chromatography’ (GLC) applications).54 A selection of high 
thermal stability ionic liquids are shown below in Figure 2.4. 
 
 
 
 
 
Fig. 2.4   Example dialkylimidazolium,54 trialkylimidazolium,10 and tetraarylphosphonium53 ionic liq-
uids of high thermal stability. 
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In all of the discussion above, it must be remembered that the Tonset parameter, obtained 
via a step-tangent method (Fig. 3.2), represents a substantial overestimate of ionic liquid 
thermal stability; hence the value of Tonset is wholly inadequate as an ‘upper operational 
temperature limit’. Instead, the characterisation of Tonset for a broad variety of ionic liquids 
allows rapid and facile comparison of relative thermal stabilities. Comprehensive analysis 
of ionic liquids must include investigation of their long-term thermal stabilities and also the 
prevailing decomposition mechanisms. Literature relating to these topics is described and 
discussed in the following subchapters. 
 
2.2   Long-term thermal stability 
 
In a similar fashion to determination of the short-term thermal stabilities of ionic liquids via 
thermogravimetric methods, the long-term stabilities can be evaluated by employing TGA. 
An understanding of the long-term stability allows for safe design of ionic liquid-assisted 
procedures operating at elevated temperatures over an extended period of time, or where 
recycling of the ionic liquid is critical; the use of ionic liquids as solvents and catalysts for 
synthetic reactions, as engineering fluids, and for pretreatment of lignocellulosic biomass 
are applications which fall into this category. Therefore, the ability to accurately measure 
and predict ionic liquid thermal stabilities is paramount for their safe handling. 
 
Baranyai et al. recognised that the Tonset parameter represents a drastic overestimate of 
the upper operational temperature limit and is wholly inadequate as a safe temperature 
limit.55 They instead proposed the use of the ‘T0.01/x’ thermal descriptor, which represents 
the temperature at which exactly 1% weight loss has occurred in time x. Therefore, T0.01/10 
is the temperature at which precisely 1 wt% mass loss occurs in 10 hours. Baranyai and 
co-workers performed isothermal TGA experiments for three ionic liquids, [C2C1im][NTf2], 
[C2C1im][N(SO2CH3)2] and [C2C1im]Br, at varying static temperatures. From each of the 
linear isotherms, a ‘t0.99’ value can be extracted, the time taken for 1 wt% loss to occur. 
By plotting these values against temperature, T, a first-order exponential fit is generated, 
and the T0.01/x value is obtained by interpolation or extrapolation (procedures for obtaining 
kinetic/thermodynamic data from isothermal TGA experiments are described more fully in 
chapter 3, Methods). Strikingly, T0.01/1 and T0.01/10 values for the investigated liquids were 
substantially lower than the corresponding Tonset values; this is exemplified for prototypical 
ionic liquid [C2C1im][NTf2], whereby Tonset is measured as  ≥ 419 °C, yet T0.01/1 and T0.01/10 
values are determined as 307 °C and 251 °C, respectively (under nitrogen).55 Therefore, 
continuous heating of this ionic liquid at a temperature approximately 110 °C below the 
Tonset, for just one hour, results in non-negligible weight loss (when in the open/unsealed 
environment of the TGA experiment).55 Many ionic liquid-assisted procedures operate for 
time periods greatly in excess of one hour. 
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Table 2.2   Evaluation of different thermal stability parameters for ionic liquid [C2C1im][NTf2]. Tonset 
values were obtained with a heating rate of 10 °C min-1. 
 
                  
 
 
 
 
 
 
 
 
Subsequently, equivalent Tz/x parameters (z weight loss in x hours) have been employed 
to provide a more accurate approximation of the upper operational temperature limit. In 
particular, T0.01/10 values have been reported for a wide range of ionic liquid compounds in 
the chemical literature.19,55 Recently, Cao and Mu measured the Tonset and T0.01/10 values 
for 66 contemporary ionic liquids.43 Crucially, with the exception of two investigated com-
pounds ([C1=C2C4im][NO3] and [C4C1im][ClO4]), the T0.01/10 temperature was uniformly ob-
served to be at least 100 °C lower than Tonset. For several amino acid-derived alkylphos-
phonium ionic liquids, Δ(Tonset - T0.01/10) was as substantial as 267 °C.43  
 
Measured values for several thermal stability parameters of 1-ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide, [C2C1im][NTf2], are compared in Table 2.2. 
 
The T0.01/10 descriptor and analogous long-term stability parameters represent reasonable 
approximations to the ‘safe upper operating temperature’ of an ionic liquid. Nevertheless, 
the exact specifications of an individual ionic liquid application determine what value this 
upper temperature limit should take; T0.01/10 will still represent an overestimate for an ionic 
liquid-assisted procedure operating at elevated temperatures for a period of days, weeks, 
months or years. Therefore Tz/x descriptors, though far more suitable for approximation of 
safe operating temperatures than Tonset temperatures, are of limited use. Moreover, the 
measurement of, for example, T0.01/10 for one single ionic liquid is a time-consuming and 
onerous task, requiring isothermal TGA data across a range of temperatures. The ability 
to both model and predict thermal stability in the absence of isothermal thermogravimetry 
is highly desirable. 
 
A contribution by Seeberger et al. demonstrated that the long-term stability of ionic liquid 
[C4C1im][NTf2] could be effectively modelled, accounting also for the kinetics of mass loss 
by both evaporation and thermal decomposition.27 Moreover they carefully considered the 
influence of TGA experimental conditions on vaporisation and decomposition (Fig. 2.5). 
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Fig. 2.5   Schematic representation of a typical TGA setup highlighting potential sources of disparity 
in thermal stability measurements. The diagram is adapted from Seeberger et al.27 
 
 
One pronounced limitation of thermogravimetric measurements is that they are capable 
only of elucidating thermal decomposition pathways which generate one or more volatile 
degradation products. Del Sesto et al. demonstrated that the formation and accumulation 
of highly-coloured impurities can have a profound impact on spectroscopic properties of 
ionic liquids, at temperatures far lower than the mass loss threshold.26 The fluorescence 
spectrum of [C4C1pyrr][NTf2] was affected following 12 hours heating at temperatures as 
low as 150 °C, accompanied by a visible change in colouration of the ionic liquid sample. 
 
Meine et al. investigated the thermal decomposition of halide ionic liquid [C4C1im]Cl using 
‘Potentiometric Titration’ and ESI-MS.32 Samples of the ionic liquid were maintained at a 
static temperature for a period of 24 hours prior to analysis. Despite the measured Tonset 
temperature of 291 °C (5 °C min-1 heating rate) from temperature-ramped TGA analysis, 
the authors observed formation of a new ESI-MS peak at temperatures as low as 140 °C. 
This peak (at m/z 181) was assigned to the 1,3-dibutylimidazolium cation, [C4C4im]+. The 
1,3-dimethylimidazolium cation, [C1C1im]+, was observed to form at higher temperatures, 
alongside other neutral thermal degradation products. The presence of these symmetrical 
di-substituted imidazolium cations suggests trans-alkylation reactions occurring above 
140 °C; such mechanisms are legitimate thermal decomposition pathways, yet do not re-
sult in a detectable mass loss. A similar phenomenon was subsequently reported by Keil 
et al., whereby samples of [C2C1im]Cl and [C2C1im][OAc] were treated at temperatures of 
100 < T < 130 °C for four months; trans-alkylation/‘cation scrambling’ occurred in both 
examples generating significant quantities of [C1C1im]+ and [C2C2im]+ cation species, 
regardless of the incorporated anion (Cl- or [OAc]-).56 By contrast formation of other neut-
ral thermal decomposition products was highly anion-dependant (discussed more fully in 
subchapter 2.3, Mechanisms of thermal decomposition). 
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Overall, isothermal thermogravimetric techniques are highly valuable for measuring long-
term thermal stability descriptors, such as Tz/x , the temperature at which precisely z mole 
fraction is lost to thermal decomposition/ionic liquid vaporisation in time x. Parameters of 
this type are useful for establishing rudimentary upper safe temperature limits, although it 
is crucial to consider the exact heating time of the ionic liquid in each specific procedure. 
 
Kinetic and thermodynamic parameters, such as the activation energy (Ea) corresponding 
to ionic liquid thermal decomposition, can be obtained from isothermal TGA data, of great 
practical value to the ionic liquid chemist. However, thermogravimetry is unable to detect 
degradation pathways that do not yield volatile products. A comprehensive investigation 
into long-term ionic liquid thermal stability must therefore employ multiple techniques (e.g. 
mass spectrometry,32 fluorescence spectroscopy26 and potentiometric titration32) in order 
to elucidate underlying decomposition processes with no accompanying mass loss; these 
processes, though invisible to TGA, have the potential to alter the physicochemical prop-
erties of the ionic liquid and reduce the efficiency of a process.  
 
2.3   Mechanisms of thermal decomposition 
 
Careful consideration of safe upper operational temperatures is critically important before 
employing ionic liquids on a laboratory or industrial scale. Of equivalent importance is an 
understanding of the prevailing mechanisms of thermal decomposition; the accumulation 
of toxic, corrosive, volatile and flammable degradation products poses a significant safety 
hazard. Moreover, by-products are likely to greatly interfere with the efficient operation of 
the ionic liquid application, and will reduce the recyclability of the organic salt. Therefore, 
insights into thermal decomposition mechanisms of ionic liquids carry substantial safety 
and economic implications. 
 
In recent years increasing attention has been devoted to the investigation and elucidation 
of ionic liquid decomposition mechanisms. The relevant chemical literature is summarised 
concisely below, divided into separate sections for different mechanism types, which can 
be broadly divided into reversible (volatilisation of neutral species from protic ionic liquids, 
N-Heterocyclic Carbene formation) and irreversible (SN2, E2, hydrolysis, polymerisation) 
mechanisms. 
 
2.3.1   Protic ionic liquids 
 
As for the discussion of ionic liquid synthesis, it is necessary to separate ionic liquids into 
categories of ‘protic’ and ‘aprotic’ when considering thermal decomposition mechanisms. 
Similarly, the decomposition behaviour of protic ionic liquids is typically easier to define. 
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Fig. 2.6   ‘Thermal decomposition’ of protic ionic liquids, [CH][A], often involves vaporisation of the 
conjugate neutral species of the equilibrium, [C] and [AH]. Hence, distillation is frequently possible; 
the neutral species re-combine to generate the protic ionic liquid in the distillate.  
 
 
Protic ionic liquids are generated from the simple neutralisation of a Brønsted acid with a 
Brønsted base. They may therefore be regarded as in equilibrium between the ionic and 
neutral species; the precise proportions of ionic and neutral species in the bulk liquid are 
determined by the acidity and basicity of the mixed components. Thermal decomposition 
of protic ionic liquids commonly occurs via the regeneration and subsequent volatilisation 
of the conjugate neutral species (Fig. 2.6). Thus formation, and ‘decomposition’, of protic 
ionic liquids is often continuously reversible, in the absence of competing irreversible 
mechanisms. Relative thermal stabilities of protic ionic liquids have been quantified by 
considering ΔpKa between the ionic liquid cation and the conjugate acid of the ionic liquid 
anion;22,57 strong acids (e.g. H2SO4) paired with superbases (e.g. tetramethylguanidine) 
give rise to ‘stable’ protic ionic liquids.25 Distillation of protic ionic liquids is possible.58 
 
2.3.2   SN2 and E2 mechanisms 
 
Thermal decomposition mechanisms involving the nucleophilic attack of the anion on the 
cation (SN1/SN2) are commonly-observed across the broad spectrum of investigated ionic 
liquid compounds in the chemical literature. This type of degradation, frequently denoted 
as the ‘reverse Menshutkin reaction’, is so-named because it represents the reverse of 
the alkylation reaction to generate the ionic liquid in the first instance. By way of example, 
ionic liquid [C2C1im]Br may be prepared by the direct alkylation of 1-methylimidazole with 
bromoethane; reverse Menshutkin decomposition of this compound would then constitute 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 59 
nucleophilic attack of bromide at either the N-methyl or N-ethyl cation substituent, yielding 
a bromoalkane and a 1-alkylimidazole thermal decomposition product. In addition to SN1 
and SN2, the contribution to thermal decomposition from competing elimination reactions 
(E1/E2) must also be considered. 
 
An SN2-type degradation mechanism was first recognised by Chan et al. in an early study 
of quaternary imidazolium salts.48 They tentatively concluded that thermal decomposition 
of dialkylimidazolium halide salts proceeds via an SN2 rather than an SN1 mechanism, on 
the basis of the observed decomposition products evolving from 1,3-dipropylimidazolium 
iodide, [C3C3im]I; isopropyl-substituted species anticipated to arise from rearrangement of 
the SN1 [C3H7]+ intermediate were absent. SN2 degradation mechanisms were therefore 
assigned to [CnCmim]X salts (X- = Cl-/Br-/I-), although [ClO4]- and [BPh4]- compounds were 
not susceptible to nucleophilic-type decomposition. 
 
By contrast, Awad et al. proposed that an SN1-type mechanism occurs for degradation of 
[tC4C1C12im][X] ([X]- = [BF4]-, [PF6]-) whereby tertiary carbocation intermediate [C(CH3)]+ is 
more stable than comparable primary or secondary carbocations.59 This conclusion was 
supported by the observation that these ionic liquids had lower stabilities than equivalent 
linear-chain dialkylimidazolium salts, [C4C1C12im][X]. Therefore, the relative contributions 
of SN1 and SN2 mechanisms appear to be highly dependant on the degree of alkyl chain 
branching. Dialkylimidazolium ionic liquid N-substituents are commonly linear, therefore it 
appears sensible to attribute nucleophilic substitution decomposition mechanisms to SN2, 
unless there is clear evidence otherwise. In separate studies Prasad et al. observed simi-
lar behaviour for tetraalkylammonium hexafluorophosphate8/tetrafluoroborate9 salts. For 
tetrabutylammonium ionic liquids a subsequent rearrangement mechanism of the evolved 
tributylamine occurred, yielding 1-butylaziridine and n-hexane (Fig. 2.7). The correspond-
ing cyclisation was not observed for the equivalent three-carbon tripropylamine. 
 
 
 
 
 
Fig. 2.7   Two-stage thermal decomposition of [(C4)4N][PF6]: SN2/‘reverse Menshutkin reaction’ to 
yield 1-fluorobutane, PF5 and tributylamine, followed by rearrangement of the amine.8 
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Similar to the thermolysis study of Chan,48 Ohtani and co-workers employed pyrolysis-GC 
techniques to elucidate the thermal decomposition mechanisms of [CnC1im]-incorporating 
ionic liquids with Cl-, Br-, [OTf]-, [BF4]- and [PF6]- anions.49 Samples of the ionic liquid were 
pyrolysed at 550 °C, and the degradants were analysed. For the investigated halide ionic 
liquids, 1-alkylimidazole and alkyl halide thermal decomposition products were identified 
as the major products, accompanied by far smaller quantities of alkene products derived 
from the longer Cn cation chain (n > 1); GC peaks were all straightforward to assign. By 
contrast, [C4C1im][BF4] yielded a more complex array of GC peaks under the employed 
conditions, featuring a variety of fluoroalkane (e.g. fluoromethane, 2-fluoropropane and 1-
fluorobutane) and alkene products (e.g. cis/trans-but-2-ene, but-1-ene and propene). The 
intensities of the alkene GC peaks were significantly greater than for the corresponding 
halide ionic liquids. Thermal decomposition of hexafluorophosphate liquid [C4C1im][PF6] 
closely resembled that of the [BF4]- compound, although minor amounts of phosphorus-
containing degradants were observed. Triflate ionic liquid [C4C1im][OTf] evolved SO2 as a 
measurable additional degradation product. Therefore, the collective results of Ohtani et 
al. indicate that when certain anions (Cl-, Br-) are incorporated into the ionic liquid, SN2-
type mechanisms predominate (with a minor contribution from elimination). By contrast, 
simple C-N bond cleavage on the cation potentially occurs for the [BF4]-, [PF6]- and [OTf]- 
ionic liquids, alternatively fragmentation of the anion may generate reactive intermediates 
(e.g. CF3-) which initiate substitution and elimination reactions with the cation.49 For each 
of the investigated ionic liquids, the core imidazole ring structure remained intact. 
 
Combined experimental and quantum chemical approaches have been used to measure 
activation barriers of SN2 thermal decomposition mechanisms for ionic liquid compounds. 
Chambreau et al. studied the two SN2 degradation pathways of [C2C1im]Br, involving the 
attack of bromide at the N-methyl and N-ethyl side chains.35 The activation enthalpies, 
ΔHactivation, were measured as 116.1 ± 6.6 kJ mol-1 and 122.9 ± 7.2 kJ mol-1, respectively, 
from isothermal TGA analysis. The calculated activation enthalpies were in reasonable 
agreement with experimental values; the CCSD(T)/aug-cc-pvtz//M06/aug-cc-pvtz level of 
theory gave ΔHactivation values of 130.3 kJ mol-1 and 139.9 kJ mol-1 for N-methyl and N-
ethyl attack, respectively. Therefore, within the experimental error, there appears to be 
little or no energetic preference for reaction at either dialkylimidazolium substituent, and 
steric effects are likely to account for the previously-observed greater reactivity of the N-
methyl substituent.35 
 
Other computational investigations have provided key insights into thermal decomposition 
mechanisms of ionic liquids. Kroon et al. investigated and compared the SN2 nucleophilic 
decomposition mechanisms of a selection of contemporary ionic liquid compounds, using 
DFT at the B3LYP/6-31G** level of theory.60 For a sequence of [CnC1im]Cl ionic liquids (n 
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= 2, 3, 4, 6, 8), extension of the alkyl chain had a very minimal impact on the calculated 
activation energy, ΔEactivation, for formation of CH3Cl and a 1-alkylimidazole compound. In 
each instance, this SN2 attack at the methyl substituent had an activation barrier of ~ 10 
kJ mol-1 lower than the equivalent reaction at the longer Cn group. For tetrafluoroborate 
ionic liquids, exchanging the imidazolium cation core for a different structure yielded the 
following reactivity series of ΔEactivation (SN2): [C4py][BF4] < [C4C1pyrr][BF4] < [(C2)4N][BF4] 
< [C4C1C12im][BF4] < [C4C1im][BF4] < [(C2)4P][BF4]. 
 
Recently, thermal decomposition mechanisms have been modelled for the di(cyano)imide 
ionic liquids [C2C1im][N(CN)2] and [C2C1C12im][N(CN)2].46,61 Among other mechanisms the 
SN2 nucleophilic attack of [N(CN)2]- on the cation was a prevailing pathway. On this basis, 
Wendler et al. proposed a likely SN2 mechanism for thermal decomposition of 1-ethyl-3-
methylimidazolium acetate, [C2C1im][OAc], an ionic liquid that is finding increasing use in 
the deconstruction of lignocellulosic biomass.62,63 
 
 
 
 
 
Fig. 2.8   Chemically-plausible thermal decomposition pathways of a dialkylpyrrolidinium ionic liquid 
[C4C1pyrr][X] via SN2 (green), E2 (blue) or trans-alkylation (red) mechanisms. 
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Taking into account the observed potential for ionic liquid compounds to undergo thermal 
decomposition via both nucleophilic and elimination pathways, and also the possibility of 
cation trans-alkylation,32,56 an array of plausible decomposition mechanisms can be pro-
posed for any novel ionic liquid. In particular for salts derived from a saturated cation core 
(e.g. pyrrolidinium, piperidinium, morpholinium), ring-opening pathways must also be con-
sidered. Potential mechanisms of the imaginary ionic liquid [C4C1pyrr][X] are displayed in 
Figure 2.8. 
 
In addition to the inherent nucleophilicity or basicity of the ionic liquid anion, the reactivity 
of any impurities must also be carefully considered; Glenn and Jones demonstrated that 
the inclusion of nucleophilic impurities (e.g. thiophenol, PhSH) significantly diminishes the 
thermal stability of ionic liquid [C4C1im][BF4].64 
 
Overall, for a wide variety of ionic liquid classes, nucleophilic substitution pathways often 
predominate during the thermal degradation of ionic liquids; this is typically attributed to 
SN2 rather than SN1, except where a high degree of branching of the alkyl chain stabilises 
the carbocation formed by direct bond cleavage. The competing elimination pathways are 
observed less frequently, but nevertheless are likely to contribute partially to degradation 
processes predominated by SN2. 
 
2.3.3   N-Heterocyclic Carbene formation 
 
N-Heterocyclic Carbenes (NHCs) derived from the imidazole heterocycle, are commonly 
employed as neutral ligands for transition metal complexes in catalytic applications,65 and 
as ‘Organocatalysts’.66 It has long been known that the C2 ring proton of imidazolium salts 
exchanges for deuterium when dissolved in D2O.67 
 
Though intrinsically reactive species, NHCs can be stabilised via incorporation of bulky N-
substituents that behave as steric blockers (e.g. 1-adamantyl, mesityl, tert-butyl and 2,6-
dimethylphenyl); the carbene lone pair of electrons is also stabilised via resonance with 
the two adjacent nitrogen atoms (Fig. 2.9a).  
 
Arduengo et al. prepared and isolated the original crystalline carbene compound 1,3-di(1-
adamantyl)imidazol-2-ylidene, by treating the precursor imidazolium chloride salt with an 
appropriate base (the dimsyl anion and equimolar NaH, KOtBu) in THF at room tempera-
ture.68 Typical hydrogen-bonding structural motifs for carbene complexes are highlighted 
below (Fig. 2.9b). 
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(a)           
 
(b)         
 
Fig. 2.9   (a) Resonance structures of ‘N-Heterocyclic Carbene’ (NHC) species based upon a 1,3-
disubstituted imidazol-2-ylidene framework68; (b) H-bonding structural motifs of carbene complexes 
characterised by X-ray crystallography.69 
 
 
 
 
Fig. 2.10   Measured pKa values referring to the C2 imidazolium ring proton for four imidazolium and 
benzimidazolium cations, investigated by Amyes et al.;70 imidazolium, 1,3-dimethylimidazolium, 1,3-
dimethylbenzimidazolium and 1,3-bis((S)-1-phenylethyl)benzimidazolium cations. 
 
 
 
Considering the dialkylimidazolium class of ionic liquids, the incorporation of a sufficiently 
basic anion facilitates the transient formation of an NHC. The topic of carbenes and ionic 
liquids has attracted increasing attention in the contemporary ionic liquid literature.70-79 
The generation of NHC species from dialkylimidazolium salts carries crucial implications 
when employing ionic liquids as solvents for synthetic reactions, especially when other 
reactive transition metal or organic materials are incorporated into the solution. Therefore, 
even if the formation of NHCs in ionic liquids is transient, it nevertheless constitutes an 
important thermal decomposition pathway. The formation of NHC species is most com-
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monly seen when employing carboxylate ionic liquids. Therefore, for the archetypal car-
boxylate ionic liquid 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc], formation of the 
NHC occurs via the abstraction of the imidazolium C2 ring proton by the basic acetate 
anion yielding the NHC (1-ethyl-3-methylimidazol-2-ylidene) and acetic acid. Together, 
these two species are referred to from here on as the ‘Carbene-Acid Pair’ (CAP). 
 
Amyes et al. carefully investigated the C2 proton exchange of a series of imidazolium and 
benzimidazolium salts, enabling accurate quantification of the C2-proton pKa (Fig. 2.10).70 
The four investigated imidazolium compounds exhibited similar pKa values, of 21.2 - 23.8, 
placing them in the region of a typical α-carbonyl proton (enolate formation). The authors 
also concluded that imidazol-2-ylidene carbenes are more stable than analogous thiazol-
2-ylidene species. Aggarwal et al. observed that NHCs, derived from ionic liquids, had a 
profound and detrimental effect on Baylis-Hillman reactions performed in this medium; 
the base added to the reaction mixture, typically DABCO, abstracts the C2 imidazolium 
proton to form an NHC, which initiates a series of undesirable side-reactions.80 Therefore, 
NHC formation of dialkylimidazolium ionic liquids accounts for both the exchange with 
deuterium and the decomposition pathways of the Baylis-Hillman reaction; both can be 
suppressed partly, but not entirely, by substituting the ring C2 proton for a methyl group. 
 
Similarly, the ruthenium-catalysed selective decomposition of formic acid to H2 and CO2 
encounters difficulties in [C2C1im][OAc]; the NHC complexes to RuCl3. However, by using 
the C2-methylated ionic liquid [C2C1C21im][OAc], complex formation is mostly alleviated.81 
Hollóczki et al. performed a computational investigation on formation of neutral species 
from ‘non-protic’ N-heterocyclic ionic liquids, incorporating the 1,2,3-trimethylimidazolium 
(lacking an acidic C2 proton) or 1-methylpyridinium cation.74 The neutral compounds were 
energetically favoured when a sufficiently basic anion was employed, although formation 
of a 1,2- or 1,4-dihydropyridine derivative was preferable in certain examples. 
 
Therefore in some, but not all, circumstances substituting the non-innocent C2 proton with 
a methyl group eliminates the unwanted N-Heterocyclic Carbene formation and associat-
ed decomposition pathways. However, increased steric and Van der Waals interactions 
caused by this substitution have the potential to impact the melting point, viscosity and 
other key physical properties of the ionic liquid; this may render the C2-methyl ionic liquid 
unsuitable for its intended application. 
 
Recent simulations have yielded highly valuable insights into the precise structural and 
bonding properties of NHCs, derived from ionic liquids.77,79 Hollóczki and co-workers car-
ried out ab initio Molecular Dynamics (AIMD) simulations on the archetypal NHC-forming 
ionic liquid, [C2C1im][OAc], in the presence of H2O and CO2 solutes.77 The C2 imidazolium 
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ring position competes with H2O and CO2 for interaction with basic acetate anions. More-
over, in agreement with other studies,82 a ‘charge-screening’ effect was observed, where-
by the ionic species are stabilised relative to neutral NHC species in an ionic medium. 
Thomas et al. identified an interesting C---H-C hydrogen-bonding motif occurring between 
the C2 ring carbon of 1-ethyl-3-methylimidazol-2-ylidene and the N-methyl of [C2C1im]+.79 
By contrast, the expected C2(NHC)---H-C2(cation) hydrogen bond, previously observed in 
X-ray crystal structures (Fig. 2.9b), was mostly absent from the AIMD results; the cation 
C2 site is instead predominantly occupied by acetate, [OAc]-.  
 
One important insight obtained from the AIMD simulations is that great care must be 
taken when comparing gas-phase with liquid-phase results; considering the stabilisation 
or suppression of the NHC, Hollóczki et al. found the influence of CO2 to be profoundly 
different for the two phases.77 Therefore, experimental evidence for the NHC in the mass 
spectrum of vaporised [C2C1im][OAc] (m/z 110),73 and gas-phase calculations suggesting 
similar energies for ionic and neutral species, do not necessarily indicate the prevalence 
of the NHC in the bulk ionic liquid. 
 
Despite the absence of direct spectroscopic evidence for the NHC in the bulk ionic liquid, 
experimental investigations have pointed towards the presence of a transient, or at least 
induced, NHC. Most prominently, Gurau et al. were able to ‘trap’ the NHC with CO2, by 
bubbling the gas through [C2C1im][OAc] at an ambient temperature and pressure.83 The 
authors obtained an X-ray crystal structure of complex [C2C1im][H(OAc)2][C2C1im+-CO2-], 
demonstrating the reaction of the NHC with CO2 to yield zwitterionic [C2C1im+-CO2-]. In 
addition, palladium-carbene complexes have been derived from acetate ionic liquids.71 
 
In all the examples described above, the formation of NHCs from dialkylimidazolium ionic 
liquids has mostly constituted an undesirable side reaction preventing the ionic liquid from 
functioning in the desired way. However, it is possible to exploit the NHC decomposition 
pathway in the preparation of novel compounds. In some instances, such as the Benzoin 
condensation of two equivalents of benzaldehyde, the NHC serves as an organocatalyst 
(Fig. 2.11).75 Other species can be prepared from stoichiometric reaction; Rodríguez et 
al. demonstrated reaction of elemental sulfur or selenium with the ionic liquid [C2C1im]-
[OAc] to yield imidazole-2-chalcogenones,76 moieties of high interest for pharmaceutical 
and industrial applications. Each of these two examples relies upon the non-innocent 
nature of dialkylimidazolium salts with strong basic anions. Therefore, while NHC format-
ion may nevertheless be regarded as a thermal decomposition pathway, the intrinsic 
reactivity of the imidazolium C2 position facilitates beneficial organocatalysis and stoichio-
metric preparation of valuable chemical materials. Reaction pathways caused or enabled 
by NHC formation in ionic liquid [C2C1im][OAc] are highlighted below (Fig. 2.11). 
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Fig. 2.11   Selected reaction pathways enabled by NHC formation from [C2C1im][OAc]: with CO2 to 
form zwitterion [C2C1im+-CO2-]83; with RuCl3 to form a carbene complex81; Benzoin condensation75; 
reaction with elemental sulfur to generate an imidazole-2-chalcogenone species.76  
 
 
 
Overall, the propensity for N-Heterocyclic Carbene (NHC) formation in dialkylimidazolium 
ionic liquids represents an interesting decomposition pathway worthy of further study. It is 
apparent that generation of the NHC requires that a sufficiently Brønsted basic compound 
be present; this may be the ionic liquid anion, or an additional chemical component. Ionic 
liquids incorporating carboxylate anions have shown the greatest tendency for forming an 
NHC. Unlike the alternate competing thermal decomposition processes that are occurring 
(e.g. SN2, E2), it is likely that NHC formation is both transient and reversible, requiring a 
‘trap’ in order for any carbene-derived degradation products to be isolated (the trap may 
induce carbene formation). It is important, therefore, to consider all possibilities of NHC 
formation when blending complex mixtures of dialkylimidazolium carboxylate ionic liquids 
and other reactive (e.g. lignocellulosic) species. 
 
2.3.4   Fluoro, cyano and alkyl sulfate anions 
 
Many of the most commonly-encountered contemporary ionic liquid ions incorporate one 
or more fluorine atoms. For example, the tetrafluoroborate ([BF4]-), hexafluorophosphate, 
([PF6]-), bis(trifluoromethanesulfonyl)imide ([NTf2]-) trifluoromethanesulfonate ([OTf]-) and 
trifluoroacetate ([CF3CO2]-) anions are highly widespread. Ionic liquids with fluorinated 
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ions are favoured for their comparatively high thermal stabilities (Table 2.1), low melting 
points and, often, their hydrophobic character enabling biphasic systems with water. In 
more recent years, cyano and alkyl sulfate-derived ionic liquids have become increasingly 
prevalent. In particular, the di(cyano)imide ([N(CN)2]-) anion is favoured in electrolytic ap-
plications for low viscosities of the resultant ionic liquid,84 and methyl sulfate ([CH3SO4]-) 
liquids are favoured for ease of preparation by direct alkylation using dimethyl sulfate, 
alleviating the requirement for a metathesis step. 
 
Arguably, water is the most frequently-encountered and abundant impurity in ionic liquids. 
Almost every individual sample of an ionic liquid will contain traces of water arising either 
from the synthesis and purification, or through atmospheric moisture absorption facilitated 
by the hygroscopic nature of the salt. Therefore, although the rigorous exclusion of water 
during synthesis and the thorough drying of an ionic liquid may reduce the water content 
down to the < 100 ppm level in some instances, the potential for hydrolysis of ionic liquid 
ions cannot be neglected. 
 
Following preparation and storage of the ubiquitous fluorinated ionic liquid [C4C1im][PF6], 
Swatloski et al. observed the evolution of fumes and the formation of a colourless solid 
around the opening of the containment flask.85 Though this crystalline material had initial-
ly been attributed to silicon fluorides formed from etching of the glass, X-ray crystallogra-
phy experiments on a single crystal revealed the identity of the solid, hydrated 1-butyl-3-
methylimidazolium fluoride, [C4C1im]F.H2O. The fumes evolving from the ionic liquid were 
ascribed to HF, and POF3 was identified as the third degradation product. This observed 
hydrolytic instability of [C4C1im][PF6] at ambient conditions, when storing the ionic liquid 
for long periods of time, therefore carries considerable safety implications associated with 
the formation of acutely toxic and corrosive HF. 
 
Subsequently, it has been demonstrated that the hydrolysis of the fluorinated ionic liquids 
[CnC1im][PF6] and [CnC1im][BF4] (n = 4, 8) is highly dependant on both the acidity and the 
temperature exerted on the liquid.86 Whilst the [PF6]--containing liquids were hydrolytically 
stable under ambient temperatures and at neutral pH, lowering to pH 3 and/or increasing 
the temperature to ≥ 70 °C facilitated more rapid hydrolysis. By contrast, the ionic liquids 
incorporating [BF4]- were unstable to hydrolysis under all of the investigated experimental 
conditions. Furthermore, for both the [PF6]- and [BF4]- ionic liquids, extension of the alkyl 
chain from four to eight carbons increased that rate of hydrolysis; the authors attributed 
this phenomenon to reduced cation-anion interaction strength with the longer alkyl chain, 
and therefore stronger association of the fluorinated anion with water.86 
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Hydrolytic instability is not restricted to fluorinated ionic liquids; compounds incorporating 
alkyl sulfate anions, in particular where the anion alkyl chain is short (C1 or C2), have also 
shown a propensity to hydrolyse under hydrous conditions and at elevated temperatures. 
Wasserscheid et al. proposed that hydrolytic stability may be improved by extending the 
alkyl sulfate chain.87 The authors heated samples of [C4C1im][CnSO4] ionic liquids (n = 1, 
2, 8) at 80 °C over a period of several hours, treated with a known measure of water. pH 
dramatically decreased for the n = 1, 2 ionic liquids, associated with the rapid hydrolysis 
of the alkyl sulfate anion to hydrogen sulfate, [HSO4]-. By comparison, octyl sulfate liquid 
[C4C1im][C8SO4] exhibited no change in pH, indicating improved resistance to hydrolysis. 
More recently, it has been highlighted that cyano-derived ionic liquids (featuring [N(CN)2]- 
and [C(CN)3]- anions) are also susceptible to hydrolytic decomposition mechanisms when 
subjected to high or low pH;88 Steudte et al. demonstrated that both inorganic (Na+, K+) 
and organic ([C2C1im]+) salts of these anions exhibit similar hydrolysis behaviour. One 
proposed hydrolytic degradation pathway of the [N(CN)2]- anion is shown in Figure 2.12. 
 
In addition to all the above-described hydrolysis mechanisms of contemporary ionic liquid 
species, hydrolytic decomposition pathways also account for the acute air and moisture-
sensitivity of the ‘first generation’ chloroaluminate and other halometallate melts.89-91 
 
 
 
 
 
Fig. 2.12   A reaction pathway for hydrolysis of the [N(CN)2]- anion, proposed by Steudte et al.88 
 
 
 
 
Fig. 2.13   Unexpected thermolysis of tetrafluoroborate ionic liquids [CnC1im][BF4] (n = 4, 8), at high 
temperatures and high vacuum, yielding 1-alkyl-3-methylimidazolium-2-trifluoroborate species.92 HF 
is continuously removed under the vacuum conditions. 
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Unexpected zwitterionic thermal degradation species were discovered and characterised 
by Taylor et al., during the attempted distillation of [C4C1im][BF4] and [C8C1im][BF4] under 
vacuum conditions (1-5 x 10-5 mbar) and at elevated temperatures (230 - 280 °C). These 
conditions afforded a 1-alkyl-3-methylimidazolium-2-trifluoroborate compound as well as 
HF, which was continuously removed under the reduced pressure of the experiment (Fig. 
2.13).92 Borane-substituted products were identified by MS and NMR techniques. Under 
the employed high vacuum conditions, the water content of ionic liquid [CnC1im][BF4] can 
be presumed to be low. Therefore, the contribution from competing hydrolysis of [BF4]- is 
likely to be minimal. 
 
Subsequently, Tian et al. showed that an equivalent mechanism allows for preparation of 
analogous pentafluorophosphate species (e.g. [C1C1im+-PF5-], [C1C1im+-CH2PF5-]), under 
similar high temperature/reduced pressure conditions.93 The combined experimental and 
computational investigation indicated that a concerted mechanism likely accounts for the 
formation of these 2-substituted imidazolium adducts. 
 
Therefore it has been highlighted, in the chemical literature, that fluoro, cyano and alkyl 
sulfate ionic liquids are susceptible to hydrolytic thermal decomposition mechanisms. In 
addition, [BF4]- and [PF6]- di-/tri-alkylimidazolium ionic liquids are capable of undergoing a 
substitution at the ring C2 position, under high vacuum conditions. Use of [BF4]- and [PF6]- 
has diminished in recent investigations, in light of these results. The hydrolytic stability of 
alkyl sulfate ionic liquids can be improved by extension of the anion alkyl chain. 
 
2.4   The contribution of ionic liquid vaporisation to mass loss 
 
Prior to a landmark publication by Earle et al., in 2006,94 it had been broadly acknowled-
ged that ionic liquids uniformly exert negligible vapour pressures, and that therefore distil-
lation is unfeasible. In the years following, it has become increasingly clear that the vap-
orisation of intact ionic liquids cannot be ignored.27,29,34,95-101 A comprehensive review of 
ionic liquid volatility is beyond the scope of this contribution, and this subject has been 
reviewed elsewhere.102,103 However, thermal stability and volatility are intrinsically linked, 
and the contribution to mass loss from each must be considered. Key properties of ionic 
liquid vaporisation are discussed succinctly below. 
 
The physical parameters underlying volatility, enthalpy of vaporisation ΔHvap (298 K), and 
vapour pressure Pvap, have been quantified for a broad range of ionic liquid compounds, 
employing multiple experimental and computational techniques.27,34,95,101 A comparison of 
ΔHvap can then be drawn with the corresponding thermal decomposition activation ener-
gy, Ea. The lowest ΔHvap (298 K) values are typically observed for ionic liquids incorporat-
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ing the bis(trifluoromethanesulfonyl)imide anion, [NTf2]-;34,95 these values are neverthe-
less lower than for neutral nC16H34 and anthracene.34 Ionic liquids incorporating [CH3SO3]- 
and [OTf]- anions are of lower volatility than their [NTf2]- analogues.34 Employing line-of-
sight mass spectrometry (LOSMS) under ultrahigh vacuum (UHV) conditions, Lovelock et 
al. were able to detect vapour of [C2C1im][NTf2] at temperatures as low as ~70 °C, com-
pared with ~120 °C for [C2C1im][C2SO4].99 Deyko et al. suggested that ΔHvap (298 K) may 
be best represented as the sum of a coulombic, ΔUcou, and two van der Waals contribut-
ions (from the cation and anion), ΔHVDW,C and ΔHVDW,A respectively.98 Caution must be 
exercised, as the ΔHvap (298 K) value obtained changes dependant on the temperature at 
which the measurement is made.99 
 
It has been demonstrated that distillation can be employed for the preparation of small, 
optically-pure samples of [NTf2]- ionic liquids. Earle et al. successfully distilled ionic liquids 
[CnC1im][NTf2] (n = 2, 10, 16) in Kügelrohr apparatus set at a temperature of 300 °C and 
a pressure of 0.1 mbar.94 A maximum distillation rate of 0.12 g hr-1 was achieved for the n 
= 2 compound, therefore distillation is too sluggish for the preparation of large quantities 
of pure ionic liquid. The majority of investigations point strongly towards the existence of 
discrete ‘neutral ion pairs’ (NIPs, e.g. {[C][A]}+ in positive ion mode) in the vapour phase 
of ionic liquids.96,97,100,104 
 
Distinguishing between ionic liquid vaporisation and thermal decomposition is often non-
trivial. Both competing processes are heavily determined by the chemical structure of the 
ionic liquid; for example [C2C1im][C2SO4] thermally decomposes at raised temperatures to 
yield volatile degradation products, whereas a substantial proportion of the mass loss of 
[C4C1im][NTf2] can be attributed to vaporisation of the intact ionic liquid.29 Heym et al. 
proposed a method for distinguishing between vaporisation and thermal decomposition of 
the ionic liquid when investigated by isothermal thermogravimetry. Vaporisation is heavily 
influenced by the identity of the inert carrier gas, therefore duplicating the experiment with 
two or more different flow gases (e.g. He and N2) should generate significantly different 
rates of mass loss if vaporisation is a major contributor to mass loss.29 When investigat-
ing the thermal properties of a new ionic liquid species, thermal decomposition and vola-
tility should be likewise differentiated. 
 
2.5   Concluding remarks 
 
In direct contrast to neutral VOC analogues, ionic liquids exert very low vapour pressures. 
Therefore, for the majority of ionic liquid-assisted procedures, particularly those operating 
in a sealed containment vessel, the total mass loss from vaporisation of the ‘intact’ ionic 
liquid is often vanishingly small. However, the volatility of ionic liquids depends heavily on 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 71 
the chemical structure and precise bonding interactions of the ions. For certain classes of 
ionic liquid, vaporisation of the undegraded compound, in the form of discrete ‘neutral ion 
pairs’, contributes considerably to the mass loss observed at higher temperatures. 
 
Thermal decomposition of the constituent ions and subsequent vaporisation of the volatile 
products often represents the principle pathway of mass loss. Decomposition properties 
must be critically assessed prior to the use of ionic liquids at high temperatures; a great 
wealth of applications fall into this category, therefore insights into thermal stability are of 
high practical value. 
 
Considering the collective chemical literature describing ionic liquid thermal stability, it is 
striking to what extent the short-term thermal stabilities, long-term thermal stabilities and 
the principle decomposition mechanisms are influenced by the chemical structures of the 
constituent ions. The large number of ionic liquid species that have been characterised by 
temperature-ramped TGA analysis allows for rapid and facile comparison of the stabilities 
of differing analogues. This has enabled structure-stability relationships to be established, 
and the design of thermally resistant ionic liquids. For the academic or industrial chemist, 
selecting an appropriate ionic liquid will involve the best compromise of multiple factors, 
including the thermal stability, the cost, the ease of handling/preparation, the toxicity and, 
foremost, the suitability for the intended application.  
 
A number of different thermal decomposition mechanisms have been elucidated for ionic 
liquids, and can be broadly categorised as irreversible (e.g. SN1/SN2, E1/E2, hydrolysis) 
and reversible (e.g. NHC formation, ‘evaporation’ of protic ionic liquids) pathways. Often, 
thermal decomposition of an ionic liquid can be explained in terms of a contribution from 
multiple and competing degradation mechanisms. The safety and economic implications 
of all possible decomposition pathways must be careful considered when handling ionic 
liquids on a laboratory or industrial scale. 
 
Overall, a comprehensive analysis of ionic liquid thermal stability must highlight the long-
term stability, the interplay of the competing decomposition mechanisms, any contribution 
to mass loss from vaporisation of the intact ionic liquid, and the impact of all experimental 
conditions. When formulating complex mixtures of ionic liquids with, for example, organic 
solvents, transition metal complexes or lignocellulosic polymers, additional complications 
arise. Ionic liquids have attracted considerable attention as potentially recyclable solvents 
for the effective dissolution and deconstruction of biomass; therefore there is a mounting 
requirement to evaluate thermal and chemical stabilities of ionic liquid-biomass mixtures.  
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The development of ionic liquids that are both thermally stable, yet also are effective for 
their intended biomass application, is a pressing and important challenge. To address this 
requirement, investigations into the inherent thermal stabilities of carboxylate ionic liquids, 
and subsequently their mixtures with cellulose and other carbohydrates, form the central 
themes of this contribution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 73 
Bibliography for Chapter 2 
 
1. D. R. MacFarlane, P. Meakin, J. Sun, N. Amini and M. Forsyth, The Journal of Physical 
Chemistry B, 1999, 103, 4164-4170. 
2. N. Gathergood, M. T. Garcia and P. J. Scammells, Green Chemistry, 2004, 6, 166-175. 
3. M. T. Garcia, N. Gathergood and P. J. Scammells, Green Chemistry, 2005, 7, 9-14. 
4. N. Gathergood, P. J. Scammells and M. T. Garcia, Green Chemistry, 2006, 8, 156-160. 
5. J. R. Harjani, R. D. Singer, M. T. Garcia and P. J. Scammells, Green Chemistry, 2009, 11, 
83-90. 
6. D. Coleman and N. Gathergood, Chemical Society Reviews, 2010, 39, 600-637. 
7. H. X. Gao and J. M. Shreeve, Chemical Reviews, 2011, 111, 7377-7436. 
8. M. R. R. Prasad and V. N. Krishnamurthy, Thermochimica Acta, 1991, 185, 1-10. 
9. M. R. R. Prasad, K. Krishnan, K. N. Ninan and V. N. Krishnamurthy, Thermochimica Acta, 
1997, 297, 207-210. 
10. H. L. Ngo, K. LeCompte, L. Hargens and A. B. McEwen, Thermochimica Acta, 2000, 357–
358, 97-102. 
11. J. G. Huddleston, A. E. Visser, W. M. Reichert, H. D. Willauer, G. A. Broker and R. D. 
Rogers, Green Chemistry, 2001, 3, 156-164. 
12. J. D. Holbrey, W. M. Reichert, R. P. Swatloski, G. A. Broker, W. R. Pitner, K. R. Seddon 
and R. D. Rogers, Green Chemistry, 2002, 4, 407-413. 
13. D. R. MacFarlane, S. A. Forsyth, J. Golding and G. B. Deacon, Green Chemistry, 2002, 4, 
444-448. 
14. D. M. Fox, W. H. Awad, J. W. Gilman, P. H. Maupin, H. C. De Long and P. C. Trulove, 
Green Chemistry, 2003, 5, 724-727. 
15. C. P. Fredlake, J. M. Crosthwaite, D. G. Hert, S. Aki and J. F. Brennecke, Journal of 
Chemical and Engineering Data, 2004, 49, 954-964. 
16. S. A. Forsyth, S. R. Batten, Q. Dai and D. R. MacFarlane, Australian Journal of Chemistry, 
2004, 57, 121-124. 
17. J. M. Crosthwaite, M. J. Muldoon, J. K. Dixon, J. L. Anderson and J. F. Brennecke, Journal 
of Chemical Thermodynamics, 2005, 37, 559-568. 
18. H. Tokuda, K. Hayamizu, K. Ishii, M. A. B. H. Susan and M. Watanabe, The Journal of 
Physical Chemistry B, 2005, 109, 6103-6110. 
19. T. J. Wooster, K. M. Johanson, K. J. Fraser, D. R. MacFarlane and J. L. Scott, Green 
Chemistry, 2006, 8, 691-696. 
20. H. Tokuda, K. Ishii, M. A. B. H. Susan, S. Tsuzuki, K. Hayamizu and M. Watanabe, The 
Journal of Physical Chemistry B, 2006, 110, 2833-2839. 
21. L. Yang, Z. Zhang, X. Gao, H. Zhang and K. Mashita, Journal of Power Sources, 2006, 
162, 614-619. 
22. J. P. Belieres and C. A. Angell, Journal of Physical Chemistry B, 2007, 111, 4926-4937. 
23. C. Hardacre, J. D. Holbrey, C. L. Mullan, M. Nieuwenhuyzen, W. M. Reichert, K. R. 
Seddon and S. J. Teat, New Journal of Chemistry, 2008, 32, 1953-1967. 
24. T. Erdmenger, J. Vitz, F. Wiesbrock and U. S. Schubert, Journal of Materials Chemistry, 
2008, 18, 5267-5273. 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 74 
25. H. M. Luo, G. A. Baker, J. S. Lee, R. M. Pagni and S. Dai, Journal of Physical Chemistry 
B, 2009, 113, 4181-4183. 
26. R. E. Del Sesto, T. M. McCleskey, C. Macomber, K. C. Ott, A. T. Koppisch, G. A. Baker 
and A. K. Burrell, Thermochimica Acta, 2009, 491, 118-120. 
27. A. Seeberger, A.-K. Andresen and A. Jess, Physical Chemistry Chemical Physics, 2009, 
11, 9375-9381. 
28. M. Blesic, M. Swadzba-Kwasny, T. Belhocine, H. Q. N. Gunaratne, J. N. C. Lopes, M. F. 
C. Gomes, A. A. H. Padua, K. R. Seddon and L. P. N. Rebelo, Physical Chemistry 
Chemical Physics, 2009, 11, 8939-8948. 
29. F. Heym, B. J. M. Etzold, C. Kern and A. Jess, Physical Chemistry Chemical Physics, 
2010, 12, 12089-12100. 
30. N. M. Yunus, M. I. Abdul Mutalib, Z. Man, M. A. Bustam and T. Murugesan, The Journal of 
Chemical Thermodynamics, 2010, 42, 491-495. 
31. J. Long, B. Guo, J. Teng, Y. Yu, L. Wang and X. Li, Bioresource Technology, 2011, 102, 
10114-10123. 
32. N. Meine, F. Benedito and R. Rinaldi, Green Chemistry, 2010, 12, 1711-1714. 
33. M. Keating, F. Gao and J. Ramsey, J Therm Anal Calorim, 2011, 106, 207-211. 
34. F. Heym, B. J. M. Etzold, C. Kern and A. Jess, Green Chemistry, 2011, 13, 1453-1466. 
35. S. D. Chambreau, J. A. Boatz, G. L. Vaghjiani, C. Koh, O. Kostko, A. Golan and S. R. 
Leone, The Journal of Physical Chemistry A, 2012, 116, 5867-5876. 
36. A. W. T. King, A. Parviainen, P. Karhunen, J. Matikainen, L. K. J. Hauru, H. Sixta and I. 
Kilpelainen, RSC Advances, 2012, 2, 8020-8026. 
37. F. Wendler, L.-N. Todi and F. Meister, Thermochimica Acta, 2012, 528, 76-84. 
38. H. F. D. Almeida, H. Passos, J. A. Lopes-da-Silva, A. M. Fernandes, M. G. Freire and J. A. 
P. Coutinho, Journal of Chemical & Engineering Data, 2012, 57, 3005-3013. 
39. I. Pibiri, A. Pace, S. Buscemi, V. Causin, F. Rastrelli and G. Saielli, Physical Chemistry 
Chemical Physics, 2012, 14, 14306-14314. 
40. L. A. Daily and K. M. Miller, The Journal of Organic Chemistry, 2013, 78, 4196-4201. 
41. M. Villanueva, A. Coronas, J. García and J. Salgado, Industrial & Engineering Chemistry 
Research, 2013, 52, 15718-15727. 
42. Ł. Marcinkowski, A. Kloskowski and J. Namieśnik, Journal of Chemical & Engineering 
Data, 2014, 59, 585-591. 
43. Y. Cao and T. Mu, Industrial & Engineering Chemistry Research, 2014, 53, 8651-8664. 
44. N. E. A. Cousens, L. J. Taylor Kearney, M. T. Clough, K. R. J. Lovelock, R. G. Palgrave 
and S. Perkin, Dalton Transactions, 2014, 43, 10910-10919. 
45. A. T. De La Hoz, U. G. Brauer and K. M. Miller, The Journal of Physical Chemistry B, 
2014, 118, 9944-9951. 
46. S. D. Chambreau, A. C. Schenk, A. J. Sheppard, G. R. Yandek, G. L. Vaghjiani, J. 
Maciejewski, C. J. Koh, A. Golan and S. R. Leone, The Journal of Physical Chemistry A, 
2014, 118, 11119-11132. 
47. M. T. Clough, C. R. Crick, J. Grasvik, P. A. Hunt, H. Niedermeyer, T. Welton and O. P. 
Whitaker, Chemical Science, 2015, 6, 1101-1114. 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 75 
48. B. Chan, N. Chang and M. Grimmett, Australian Journal of Chemistry, 1977, 30, 2005-
2013. 
49. H. Ohtani, S. Ishimura and M. Kumai, Anal. Sci, 2008, 24, 1335-1340. 
50. T.-Y. Wu, S.-G. Su, S.-T. Gung, M.-W. Lin, Y.-C. Lin, C.-A. Lai and I. W. Sun, 
Electrochimica Acta, 2010, 55, 4475-4482. 
51. K. Tsunashima, S. Kodama, M. Sugiya and Y. Kunugi, Electrochimica Acta, 2010, 56, 
762-766. 
52. H. Shirota, T. Mandai, H. Fukazawa and T. Kato, Journal of Chemical & Engineering Data, 
2011, 56, 2453-2459. 
53. C. G. Cassity, A. Mirjafari, N. Mobarrez, K. J. Strickland, R. A. O'Brien and J. H. Davis, 
Chemical Communications, 2013, 49, 7590-7592. 
54. J. L. Anderson and D. W. Armstrong, Analytical Chemistry, 2003, 75, 4851-4858. 
55. K. J. Baranyai, G. B. Deacon, D. R. MacFarlane, J. M. Pringle and J. L. Scott, Australian 
Journal of Chemistry, 2004, 57, 145-147. 
56. P. Keil, M. Kick and A. König, Chemie Ingenieur Technik, 2012, 84, 859-866. 
57. M. Yoshizawa, W. Xu and C. A. Angell, Journal of the American Chemical Society, 2003, 
125, 15411-15419. 
58. A. W. T. King, J. Asikkala, I. Mutikainen, P. Järvi and I. Kilpeläinen, Angewandte Chemie 
International Edition, 2011, 50, 6301-6305. 
59. W. H. Awad, J. W. Gilman, M. Nyden, R. H. Harris Jr, T. E. Sutto, J. Callahan, P. C. 
Trulove, H. C. DeLong and D. M. Fox, Thermochimica Acta, 2004, 409, 3-11. 
60. M. C. Kroon, W. Buijs, C. J. Peters and G.-J. Witkamp, Thermochimica Acta, 2007, 465, 
40-47. 
61. J. Liu, S. D. Chambreau and G. L. Vaghjiani, The Journal of Physical Chemistry A, 2014, 
118, 11133-11144. 
62. A. Brandt, J. Grasvik, J. P. Hallett and T. Welton, Green Chemistry, 2013, 15, 550-583. 
63. T. V. Doherty, M. Mora-Pale, S. E. Foley, R. J. Linhardt and J. S. Dordick, Green 
Chemistry, 2010, 12, 1967-1975. 
64. A. G. Glenn and P. B. Jones, Tetrahedron Letters, 2004, 45, 6967-6969. 
65. M. N. Hopkinson, C. Richter, M. Schedler and F. Glorius, Nature, 2014, 510, 485-496. 
66. N. Marion, S. Díez-González and S. P. Nolan, Angewandte Chemie International Edition, 
2007, 46, 2988-3000. 
67. R. A. Olofson, W. R. Thompson and J. S. Michelman, Journal of the American Chemical 
Society, 1964, 86, 1865-1866. 
68. A. J. Arduengo, R. L. Harlow and M. Kline, Journal of the American Chemical Society, 
1991, 113, 361-363. 
69. A. J. Arduengo, III, S. F. Gamper, M. Tamm, J. C. Calabrese, F. Davidson and H. A. 
Craig, Journal of the American Chemical Society, 1995, 117, 572-573. 
70. T. L. Amyes, S. T. Diver, J. P. Richard, F. M. Rivas and K. Toth, Journal of the American 
Chemical Society, 2004, 126, 4366-4374. 
71. J. Dupont and J. Spencer, Angewandte Chemie International Edition, 2004, 43, 5296-
5297. 
72. S. T. Handy and M. Okello, The Journal of Organic Chemistry, 2005, 70, 1915-1918. 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 76 
73. O. Holloczki, D. Gerhard, K. Massone, L. Szarvas, B. Nemeth, T. Veszpremi and L. 
Nyulaszi, New Journal of Chemistry, 2010, 34, 3004-3009. 
74. O. Holloczki and L. Nyulaszi, Organic & Biomolecular Chemistry, 2011, 9, 2634-2640. 
75. Z. Kelemen, O. Holloczki, J. Nagy and L. Nyulaszi, Organic & Biomolecular Chemistry, 
2011, 9, 5362-5364. 
76. H. Rodriguez, G. Gurau, J. D. Holbrey and R. D. Rogers, Chemical Communications, 
2011, 47, 3222-3224. 
77. O. Hollóczki, D. S. Firaha, J. Friedrich, M. Brehm, R. Cybik, M. Wild, A. Stark and B. 
Kirchner, The Journal of Physical Chemistry B, 2013, 117, 5898-5907. 
78. O. Hollóczki, Inorganic Chemistry, 2013, 53, 835-846. 
79. M. Thomas, M. Brehm, O. Hollóczki and B. Kirchner, Chemistry – A European Journal, 
2014, 20, 1622-1629. 
80. V. K. Aggarwal, I. Emme and A. Mereu, Chemical Communications, 2002, 1612-1613. 
81. M. E. M. Berger, D. Assenbaum, N. Taccardi, E. Spiecker and P. Wasserscheid, Green 
Chemistry, 2011, 13, 1411-1415. 
82. O. Holloczki, F. Malberg, T. Welton and B. Kirchner, Physical Chemistry Chemical 
Physics, 2014, 16, 16880-16890. 
83. G. Gurau, H. Rodríguez, S. P. Kelley, P. Janiczek, R. S. Kalb and R. D. Rogers, 
Angewandte Chemie International Edition, 2011, 50, 12024-12026. 
84. M. Galiński, A. Lewandowski and I. Stępniak, Electrochimica Acta, 2006, 51, 5567-5580. 
85. R. P. Swatloski, J. D. Holbrey and R. D. Rogers, Green Chemistry, 2003, 5, 361-363. 
86. M. G. Freire, C. M. S. S. Neves, I. M. Marrucho, J. o. A. P. Coutinho and A. M. Fernandes, 
The Journal of Physical Chemistry A, 2009, 114, 3744-3749. 
87. P. Wasserscheid, R. van Hal and A. Bosmann, Green Chemistry, 2002, 4, 400-404. 
88. S. Steudte, J. Neumann, U. Bottin-Weber, M. Diedenhofen, J. Arning, P. Stepnowski and 
S. Stolte, Green Chemistry, 2012, 14, 2474-2483. 
89. A. a. K. Abdul-Sada, A. M. Greenway, K. R. Seddon and T. Welton, Organic Mass 
Spectrometry, 1989, 24, 917-918. 
90. A. a. K. Abdul-Sada, A. M. Greenway, K. R. Seddon and T. Welton, Organic Mass 
Spectrometry, 1992, 27, 648-649. 
91. A. a. K. Abdul-Sada, A. M. Greenway, K. R. Seddon and T. Welton, Organic Mass 
Spectrometry, 1993, 28, 759-765. 
92. A. W. Taylor, K. R. J. Lovelock, R. G. Jones and P. Licence, Dalton Transactions, 2011, 
40, 1463-1470. 
93. C. Tian, W. Nie, M. V. Borzov and P. Su, Organometallics, 2012, 31, 1751-1760. 
94. M. J. Earle, J. Esperanca, M. A. Gilea, J. N. C. Lopes, L. P. N. Rebelo, J. W. Magee, K. R. 
Seddon and J. A. Widegren, Nature, 2006, 439, 831-834. 
95. L. P. N. Rebelo, J. N. Canongia Lopes, J. M. S. S. Esperança and E. Filipe, The Journal of 
Physical Chemistry B, 2005, 109, 6040-6043. 
96. J. P. Leal, J. Esperanca, M. E. M. da Piedade, J. N. C. Lopes, L. P. N. Rebelo and K. R. 
Seddon, Journal of Physical Chemistry A, 2007, 111, 6176-6182. 
97. J. H. Gross, Journal of the American Society for Mass Spectrometry, 2008, 19, 1347-
1352. 
Matthew T. Clough                                                                      Chapter 2 - Ionic Liquid Decomposition: a review 
 77 
98. A. Deyko, K. R. J. Lovelock, J. A. Corfield, A. W. Taylor, P. N. Gooden, I. J. Villar-Garcia, 
P. Licence, R. G. Jones, V. G. Krasovskiy, E. A. Chernikova and L. M. Kustov, Physical 
Chemistry Chemical Physics, 2009, 11, 8544-8555. 
99. K. R. J. Lovelock, A. Deyko, P. Licence and R. G. Jones, Physical Chemistry Chemical 
Physics, 2010, 12, 8893-8901. 
100. A. Deyko, K. R. J. Lovelock, P. Licence and R. G. Jones, Physical Chemistry Chemical 
Physics, 2011, 13, 16841-16850. 
101. Y. Chen, Y. Cao, Y. Shi, Z. Xue and T. Mu, Industrial & Engineering Chemistry Research, 
2012, 51, 7418-7427. 
102. J. Esperanca, J. N. C. Lopes, M. Tariq, L. Santos, J. W. Magee and L. P. N. Rebelo, 
Journal of Chemical and Engineering Data, 2010, 55, 3-12. 
103. K. R. J. Lovelock, Physical Chemistry Chemical Physics, 2012, 14, 5071-5089. 
104. A. W. Taylor, K. R. J. Lovelock, A. Deyko, P. Licence and R. G. Jones, Physical Chemistry 
Chemical Physics, 2010, 12, 1772-1783. 
 
 
* * * 
 
Matthew T. Clough                                                                                                                   Chapter 3 - Methods 
 78 
 
 
 
Chapter 3 
Methods 
 
 
A variety of thermal/thermoanalytic and computational methods are employed throughout 
the proceeding results chapters, 4, 5 and 6. The theory underpinning these techniques is 
detailed succinctly in this chapter, broadly divided into Thermal methods (subchapter 3.1) 
and Density Functional Theory (subchapter 3.2). 
 
3.1   Thermal methods 
 
All relevant thermogravimetric (TGA and TGA-MS) and calorimetric (DSC) techniques are 
briefly described below, with an emphasis on the evaluation of thermal stability. 
 
3.1.1   Thermogravimetric Analysis 
 
The technique of ‘Thermogravimetric Analysis’ (TGA) is conceptually and mechanistically 
simple; a small, measured sample of a material is subjected to a temperature programme 
(with varying temperature, ‘temperature-ramped ’, or with fixed temperature, ‘isothermal ’), 
and the weight loss of the sample is determined as a function of temperature or time.1 A 
labelled diagram of a typical TGA setup is shown in Figure 3.1, below. 
 
A temperature-ramped or ‘scanning’ TGA measurement provides a rapid and rudimentary 
approximation of the thermal stability of a low-volatility compound/mixture. The resultant 
thermograph is likely to display various thermal features, for example horizontal sections 
suggesting regions of thermal stability, and curved portions corresponding to mass loss of 
the sample (a contribution from both thermal decomposition and volatilisation processes). 
Subsequently, the ‘Tonset’ parameter can be obtained; a tangent is drawn to the steepest 
part of the first (or only) weight loss process, and is extrapolated back to the point where 
it coincides with the ‘baseline’ of 100 wt%. The temperature at this point of coincidence is 
the Tonset temperature. Plotting the first derivative of weight loss (dw/dt) aids the location 
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of the steepest point, and is useful for distinguishing between subtle, overlapping weight 
loss processes. Furthermore the ‘Tstart’ parameter is frequently cited, corresponding to the 
first measureable weight loss (dw/dt ≠ 0). A represention of both Tonset and Tstart is shown 
below for a simple (non-dynamic) temperature-ramped TGA experiment (Fig. 3.2). 
 
 
 
 
 
Fig. 3.1   Labelled photographs highlighting a typical Thermogravimetric Analysis (TGA) apparatus. 
The pan and stirrup combination (here constructed from platinum metal) suspends from a thin glass 
hook, attached to a microbalance (not shown); the furnace raises around the investigated sample in 
the pan, and an inert gas flows over the sample via the inlet.1 
 
 
 
 
Fig. 3.2   Diagram representing the measurement of Tonset and Tstart parameters from a temperature-
ramped Thermogravimetric Analysis (TGA) experiment. 
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Temperature-ramped TGA experiments have been successfully applied to the investigat-
ion of low-volatility compounds including ceramics and polymers,2 and, of key importance 
to this contribution, ionic liquids.3 The Tonset and Tstart parameters allow facile comparison 
of the thermal stability properties of like compounds, when care is taken to keep experi-
mental conditions (e.g. the heating rate, identity of flow gas or pan material) as uniform as 
possible. Moreover analysis of the ‘ceramic yield’, the weight % of starting material found 
in the end product following the experiment, can provide crucial insights into the precise 
decomposition process that is occuring. However, caution must be exercised when citing 
Tonset, Tstart, or any other ‘thermal decomposition temperature’ derived from temperature-
ramped TGA investigations; parameters of this type are highly susceptible to changes in 
the experimental setup and likely represent a dramatic overestimate of long-term stability. 
With reference to ionic liquids in particular, this phenomenon is discussed in more detail 
in chapters 2 and 4. 
 
Overall, the investigation of a series of analogous species via temperature-ramped TGA 
allows for useful comparison of relative thermal stability, but it is nevertheless inadequate 
for evaluating the long-term stability behaviour of any individual compound. 
 
3.1.2   Kinetics, thermodynamics and long-term stability from TGA 
 
Fixed-temperature or ‘isothermal’ TGA experiments maintain the investigated sample at a 
constant temperature, and instead evaluate the change in weight % as a function of time. 
In direct contrast to the above-described temperature-ramped TGA experiments, whereby 
a ‘lag’ exists between the sample temperature and programmed furnace temperature, the 
isothermal experiments enable equilibration of the sample temperature. Furthermore, the 
extended operating times for isothermal TGA offers greater clarity of long-term stability. In 
circumstances where the principle decomposition pathway evolves volatile products, and 
thereby the concentration of the compound (compounds) in the sample does not change, 
a linear thermograph may be obtained. In these ‘pseudo zeroth order’ examples, perform-
ing experiments at differing temperatures yields a series of linear isotherms (Fig. 3.3).  
 
Baranyai et al. demonstrated that ionic liquids [C2C1im][NTf2] and [C2C1im][N(SO2CH3)2] 
yield linear isotherms over a wide temperature range.4 Subsequently ‘t0.99’ (the time taken 
for exactly 1 wt% loss to occur) was extracted for each isotherm. Plotting temperature, T, 
against t0.99 yielded an exponential curve; extrapolation or interpolation of this curve gives 
long-term thermal stability parameters of the form Tx/z, i.e. the temperature, T, at which ‘x’ 
wt% loss occurs in exactly ‘z ’ period of time. The chosen values of x and z can be tailored 
to the exact requirements of the intended application for the species under investigation. 
The procedure for obtaining Tx/z parameters is shown in graphical form, below (Fig. 3.4). 
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Fig. 3.3   Isothermal TGA measurements of a compound that exhibits pseudo zeroth order thermal 
decomposition (linear isotherms), at temperature ‘T ’ and above. 
 
 
 
 
 
 
Fig. 3.4   Determination of the ‘T0.01/10’ parameter from the exponential plot of temperature, T, vs. 
the t0.99 values measured from the linear isotherms at these temperatures. 
 
 
 
Therefore parameters of the variety ‘Tx/z’, obtained by using isothermal TGA experiments 
(Figs. 3.3 and 3.4), represent a better estimation of long-term thermal stability than Tonset, 
from temperature-ramped TGA. 
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Two distinct thermogravimetric techniques for establishing Arrhenius parameters (Ea and 
A), of thermal decomposition, are established. 
 
In circumstances where approximately linear degradation is observed by isothermal TGA 
(indicating a pseudo zeroth order process), the decomposition process can be expressed 
in terms of the molar proportion of weight loss as a function of time, dα/dt (for example, a 
dα/dt value of 0.01 s-1 would correspond to 1 wt% loss per second). The dα/dt values are 
trivial to obtain from the gradients of each isothermal TGA plot. The Arrhenius equation is 
then expressed as: 
 
dα/dt = A exp(-Ea/RT)             (3.1) 
 
Applying the natural log to each side of (3.1) yields: 
 
ln(dα/dt) = lnA - Ea/R (1/T)            (3.2) 
 
Plotting ln(dα/dt) against 1/T yields a linear relationship (Fig. 3.5); -Ea/R then corresponds 
to the gradient of the line, and lnA to the y-axis intercept. Therefore, values of the activat-
ion energy, Ea, and the pre-exponential factor, A, are obtained. This enables prediction of 
the rate of weight loss at any chosen temperature within the investigated range. It is critic-
al to recognise, however, that isothermal TGA experiments operate under open/unsealed 
conditions, with a high surface to volume ratio, and a flow of inert gas that encourages re-
moval of volatile degradants. Caution must, therefore, be exercised when predicting rates 
of weight loss of the material under greatly differing conditions. Furthermore, without ana-
lysis of the contents of the gas flow, isothermal TGA makes no distinction between therm-
al decomposition (with subsequent volatilisation of the degradation products) and vaporis-
ation of the intact material. The observed values of Ea and A that evolve from the method 
described above may be compared against experimental or computational enthalpies of 
vaporisation, ΔHvap, and activation energies of decomposition pathways. 
 
An alternative method for determination of Ea was described by Flynn and Wall.5 Here, 
temperature-ramped TGA experiments are performed across a variety of heating rates, β, 
yielding a series of shifted thermographs. An arbitrary value of weight loss, C, is selected 
(e.g. C = 0.4 refers to 40 wt% loss), and the temperature, T, at which this value of C is 
reached is measured. Plotting 1/T against - log β affords a straight line and Ea is obtained 
from the gradient. Repeating the analysis with multiple values of C yields marginally dif-
ferent results for Ea. The method of Flynn and Wall is shown below in graphical form (Fig. 
3.6).5 
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Fig. 3.5   Determination of Arrhenius parameters, Ea and A, from isothermal TGA analysis; plotting 
ln(dα/dt) against 1/T yields a straight line, with gradient - Ea/R and y-axis intercept lnA. 
 
 
 
 
 
 
 
Fig. 3.6   Determination of decomposition activation energy, Ea, from temperature-ramped TGA ex-
periments at different heating rates, β.5 
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3.1.3   Hyphenated TGA techniques 
 
Ordinarily, TGA experiments operate under the gentle flow of gas (typically N2, He or air), 
which carries any volatile species/thermal decomposition products away from the sample, 
out of the apparatus, and into the atmosphere. However, chemical analysis of the compo-
nents of the gas flow, and the identification of degradation products, can provide valuable 
insights into the prevailing thermal decomposition mechanisms.  
 
Temperature-ramped TGA coupled with infra red (TGA-IR6) or mass spectrometry (TGA-
MS) enables analysis of the chemical species present in the flow of carrier gas. To mini-
mise the re-condensation of relatively involatile decomposition products, the flow of gas is 
sometimes transferred from the TGA to the hyphenated device (IR/MS) via a heated cer-
amic capillary. Measurement of IR or MS spectra at regular intervals during the course of 
a temperature-ramped experiment provides effective ‘snapshots’ of the vapour composit-
ion over time. This enables key thermal decomposition products, present only during the 
main weight loss process in the TGA thermograph, to be identified and differentiated from 
background noise present throughout the whole experiment. 
 
TGA-IR is of restricted diagnostic use, as it is only able to identify functional groups; TGA-
MS is more widely-applicable, although the fragmentation of evolved thermal decomposit-
ion products under the harsh conditions of Electron Ionisation Mass Spectrometry (EIMS) 
must be considered.7 
 
3.1.4   Differential Scanning Calorimetry 
 
Differential Scanning Calorimetry (DSC) is a thermoanalytical technique widely applied in 
the study of phase transitions and physical transformations of materials. The method der-
ives its name from the direct, simultaneous comparison of the sample against a reference 
(‘differential’) as the temperature of two is modulated (‘scanning’).8 DSC functions on the 
principle that, as a material approaches and undergoes a phase change or other ‘thermal 
event’, more or less heat flow into the sample container will be required in order to main-
tain the sample container and empty reference container at the same temperature. Thus, 
DSC differs from the related technique ‘Differential Thermal Analysis’ (DTA), whereby the 
temperature difference between the sample and reference is measured whilst heat flow is 
kept constant.9 
 
A DSC experiment will typically involve programmed heating and/or cooling stages, with a 
constant heating/cooling rate (typically 10 °C min-1, although substantially higher in recent 
‘Hyper-DSC’ experiments10). 
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As the investigated material approaches a phase transition (e.g. melting, crystallisation or 
glass transition), a greater or lesser quantity of heat will be required to maintain the sam-
ple and container at the same temperature as the empty sample container; a peak in heat 
flow therefore is observed, and the direction of the peak will indicate an exothermic (e.g. 
crystallisation) or endothermic (e.g. melting) process. In addition to phase changes, DSC 
can be applied to the study of chemical changes (e.g. thermal decomposition), although a 
modified setup incorporating an ‘open’ (unsealed) sample container is necessary to avoid 
the accumulation of pressure exerted by volatile degradation products. 
 
The enthalpy change, ΔH, associated with a peak can be determined using: 
 
ΔH = K.A                  (3.3) 
 
In equation (3.3), A is the area under the curve. K is the ‘calorimetric constant’ and is vari-
ant from one DSC apparatus to another; K is calibrated against a well-defined material. A 
simple DSC thermograph and diagram of a typical DSC apparatus are shown (Fig. 3.7). 
 
 (a)                
 
(b)                                         
 
 
Fig. 3.7   (a) A simplified example DSC thermograph; (b) diagram of a typical DSC apparatus. 
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3.2   Density Functional Theory 
 
‘Density Functional Theory’ (DFT) calculations are applied towards the investigation of di-
alkylimidazolium carboxylate ionic liquids in the subsequent chapter 5 of this contribution, 
Interactions and Stability of Carboxylate Ionic Liquids. Theory and mathematics underpin-
ning DFT is therefore briefly described in the subchapters here below. For greater depth, 
the reader is directed to contemporary review literature.11-13 
 
3.2.1   The Hamilton operator, Slater determinant and Hartree-Fock theory 
 
It is possible to define ‘ab initio’ computational chemistry as the effort to quantify the elec-
tronic wavefunction (or density) of an atomic or molecular system, to the highest degree 
of accuracy affordable. The exact calculation or accurate approximation of the electronic 
wavefunction enables subsequent evaluation of further properties of the chemical system. 
 
Full calculation of the wavefunction Ψ involves obtaining a solution to the time-dependant 
Schrödinger equation: 
 𝐻Ψ 𝐪, 𝑡 =   − ℏ𝑖   𝜕Ψ 𝐪, 𝑡𝜕𝑡  
(3.4) 
 
Here, the wavefunction contains a spatial- and spin-coordinate, q, in addition to the time, 
t. For most applicability, (3.4) is simplified to the time-independent Schrödinger equation: 
 𝐻Ψ 𝐪 = 𝐸Ψ 𝐪  
(3.5) 
 
In (3.4) and (3.5), Ĥ is the ‘Hamilton operator’, representing kinetic and potential energies 
of the electrons and nuclei of the chemical system. The electronic Hamilton operator can 
be constructed of five terms: the electronic kinetic energy, the nuclear kinetic energy, and 
potential energies arising from electron-nucleus, electron-electron and nucleus-nucleus 
interactions for a system of N electrons, M nuclei and Z nuclear charges (in atomic units): 
 𝐻!"!# =   − 12 ∇!!!!     −       12 1𝑀! ∇!!
!
!     −    𝑍!𝑟!"
!
!
!
!     +      1𝑟!"
!
!!!
!
!     +      𝑍!𝑍!𝑅!"
!
!!!
!
!  
(3.6) 
 
The ‘Born-Oppenheimer approximation’ states that the movements of electrons and nuclei 
can be considered as ‘uncoupled’ in nature due to the large differences in their masses. 
Furthermore the movements of nuclei can be regarded as static among the field of mobile 
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electrons; this principle is denoted as the ‘clamped nucleus approximation’. Application of 
these two approximations eliminates two terms from (3.6), the nuclear kinetic energy term 
and the potential energy arising from nucleus-nucleus interactions, yielding: 
 
 𝐻!"!# =   − 12 ∇!!!!     −      𝑍!𝑟!"
!
!
!
!     +      1𝑟!"
!
!!!
!
!    
(3.7) 
 
The wavefunction of the time-independent Schrödinger equation (3.5) could be construct-
ed as the simple product of single electron wavefunctions, for single electrons occupying 
one-electron functions. However, electrons are ‘fermions’ (spin = ½), and so this method 
violates the Pauli exclusion principle, which states that a wavefunction is antisymmetric 
with respect to exchange of coordinates of any two electrons. Antisymmetry requires that 
the interchange of any two electrons must change the sign of the wavefunction: 
 Ψ 𝐪!,𝐪!,…   𝐪! ,𝐪! ,…   𝐪! =   −  Ψ 𝐪!,𝐪!,…   𝐪! ,𝐪! ,…   𝐪!  
(3.8) 
 
Furthermore, the electrons of a system are (by definition) indistinguishable; therefore the 
assignment of specific orbitals to individual electrons is problematic. To circumvent these 
limitations, the wavefunction is represented by a ‘Slater determinant’; the columns contain 
the single electron orbitals χN, and electronic coordinates qN are contained in the rows. All 
combinations are therefore represented, and the required antisymmetry is maintained: 
 
Ψ =    1𝑁!     
𝜒!(𝐪!) 𝜒!(𝐪!) … 𝜒!(𝐪!)𝜒!(𝐪!) 𝜒!(𝐪!) … 𝜒!(𝐪!)⋮ ⋮ ⋱ ⋮𝜒!(𝐪!) 𝜒!(𝐪!) … 𝜒!(𝐪!)
      
(3.9) 
 |Ψ = |𝜒!,𝜒!,…   𝜒!  
(3.10) 
 
Typically, only the diagonal elements of Slater determinant (3.9) are highlighted. Each of 
the single orbitals χ can be expressed in terms of the product of spacial function ψ(r) and 
a function of the spin variable ω: 
 𝜒 𝐪 =      𝜓(𝐫)𝛼(𝜔)𝜓(𝐫)𝛽(𝜔) 
(3.11) 
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‘Spin functionals’ α and β are ‘orthonormal’ (two vectors are orthonormal if they are ortho-
gonal (⊥) in direction and are unit vectors) with respect to one another, represented as: 
 𝛼∗ 𝜔 𝛼 𝜔   d𝜔   =      𝛽∗ 𝜔 𝛽 𝜔   d𝜔     =       1 
(3.12) 𝛼 𝛼   =      𝛽 𝛽   =     1 
(3.13) 𝛼∗ 𝜔 𝛽 𝜔   d𝜔   =      𝛽∗ 𝜔 𝛼 𝜔   d𝜔     =       0 
(3.14) 𝛼 𝛽   =      𝛽 𝛼   =     0 
(3.15) 
 
 
The ‘anti-symmetrisation’ brought about by the electronic spin introduces the concept of 
electron ‘correlation’, whereby two parallel-spin electrons cannot occupy the same space. 
Considering the spacial distribution of two electrons, the probability, P(r1,r2), of observing 
electron one in a section of space dr1 at position r1, and simultaneously finding electron 
two in section of space	  dr2 at position r2, may be expressed as: 
 𝑃 𝐫!, 𝐫! d𝐫!d𝐫!   =      Ψ !d𝜔!𝑑𝜔!d𝐫!d𝐫!  
(3.16) 
 
For two ‘anti-parallel’ electrons (of opposite spin):  
 𝑃 𝐫!, 𝐫! d𝐫!d𝐫!   =     12    𝜓! 𝐫! ! 𝜓! 𝐫! ! +    𝜓! 𝐫! ! 𝜓! 𝐫! !    
(3.17) 
 
Movements of the two electrons may be considered as wholly ‘non-correlated’; the proba-
bility therefore of observing both electrons at the same position (r1 = r2) is non-zero. By 
contrast, for ‘parallel’ electrons (of the same spin):  
 𝑃 𝐫!, 𝐫! d𝐫!d𝐫!   =     12    𝜓! 𝐫! ! 𝜓! 𝐫! ! +    𝜓! 𝐫! ! 𝜓! 𝐫! !     −      𝜓!∗ 𝐫! 𝜓! 𝐫! 𝜓!∗ 𝐫! 𝜓! 𝐫!   +   𝜓! 𝐫! 𝜓!∗ 𝐫! 𝜓! 𝐫! 𝜓!∗ 𝐫!     
(3.18) 
 
Two additional cross terms evolve from the equation. Where r1 = r2, P	  (r1,r2) = 0 (i.e. zero 
probability). This is the mathematical representation of the Pauli exclusion principle. 
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Drawing together the electronic Hamilton operator Ĥelec from equation (3.7), and electronic 
wavefunction in the form of the Slater determinant from (3.9), the electronic ground state 
energy of the system, E0, may be represented by: 
 𝐸! =    Ψ 𝐻 Ψ =    𝜒! ℎ! 𝜒! +   12    𝜒!𝜒! 𝜒!𝜒!!,!!  
(3.19) 
 
where ĥ1 incorporates the electronic kinetic energy and electron-nucleus potential energy 
terms from (3.7), such that: 
 ℎ! =   −    12   ∇!!!!   +    𝑍!𝑟!"
!
!
!
!   
(3.20) 
 
In principle, equation (3.19) in conjunction with the wavefunction allows calculation of the 
ground state energy of a chemical system. In practice this is only feasible for the simplest 
and most trivial systems; evaluation or prediction of the wavefunction is otherwise far less 
simple. The ‘variational theorem’ dictates that the actual wavefunction of a system must 
afford the lowest possible energy: 
 𝐸 Ψ!"#$     ≤     𝐸 Ψ!"#!   
(3.21) 
 
Examining any specific level of theory and chemical system, therefore, the lowest energy 
calculated wavefunction can be considered the closest (most accurate) to the true wave-
function. 
 
It is possible to simplify equation (3.19), by considering the restriction that all the orbitals 
remain orthonormal, such that: 
 𝜒! 𝜒! =   𝛿!" 
(3.22) 
 
Further simplification is possible (the mathematical derivation is beyond the scope of this 
brief summary), to yield a series of pseudo-eigenvalue equations, incorporating the ‘Fock 
operator’ 𝑓, acting on one-electron orbitals χa with energy eigenvalues εa: 
 𝑓|𝜒! =    𝜀!|𝜒!  
(3.23) 
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The Fock operator, in turn, may be expressed as: 
 𝑓 =   ℎ! +    𝐽! − 𝐾!!  
(3.24) 
 
whereby ĥ1 is described in equation (3.20) previously, and Ĵ and 𝐾 represent the Coulomb 
operator and the exchange operator, respectively. Ĵ and 𝐾 operate on orbitals χ	   in the fol-
lowing manner: 
 𝐽!𝜒! 𝐪! =    𝜒!∗ 𝐪! 1𝑟!"   𝜒! 𝐪! 𝜒! 𝐪!   d𝐪! 
(3.25) 𝐾!𝜒! 𝐪! =    𝜒!∗ 𝐪! 1𝑟!"   𝜒! 𝐪! 𝜒! 𝐪!   d𝐪! 
(3.26) 
 
An exact solution to (3.23) is only possible to obtain for a single-atom system; molecular 
systems are evaluated by the inclusion of additional basis functions K, in linear combinat-
ion (equation (3.27) of subchapter 3.2.2, Basis sets). 
 
Thus Hartree-Fock theory, described in terms of the action of the Fock operator 𝑓 on one-
electron orbitals χa, is a relatively low-cost method for calculation of optimised geometries 
and energies for fairly large chemical systems. Nevertheless, Hartree-Fock methods are 
regarded as insufficiently accurate for all but the most trivial of systems. Increasing of the 
number K of basis functions may improve the accuracy of the calculations, up to the point 
of the ‘basis set limit’. However, an intrinsic limitation of Hartree-Fock theory is the failure 
to account for the electron correlation (highlighted by equations (3.16)-(3.18)); that is, the 
movement of each individual electron is incorrectly treated as being independent of other 
electrons in the system. More precisely, this phenomenon is ‘dynamic correlation’, where 
the momentary position of one electron influences those of other electrons in the system. 
‘Static correlation’, by contrast, generally arises when multiple electronic states are (close 
to) degenerate in energy, and a single Slater determinant is inadequate. 
 
3.2.2   Basis sets 
 
A ‘basis set’ is the linear combination of K basis functions ϕ acting to describe the spacial 
component of each orbital, ψ, in a chemical system: 
 𝜓! =    𝑐!"𝜙!!!  
(3.27) 
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For the calculation of discrete gas-phase chemical systems, the shapes of basis functions 
typically closely follow the atomic orbitals of a hydrogen atom. Basis functions are ‘fixed’ 
onto individual atoms of the investigated system, and move together. Although not formal 
restrictions, these practices yield successful and accurate results in DFT calculations. 
 
Basis functions may be sub-categorised as ‘Slater’ (3.28) and ‘gaussian’ (3.29) type: 
 
𝜙!!!"   𝜁, 𝐫 − 𝐑! =    𝜁!𝜋 !!   𝑒!!|𝐫!𝐑!| 
(3.28) 𝜙!!!"   𝛼, 𝐫 − 𝐑! =    2𝛼𝜋 !!   𝑒!!|𝐫!𝐑!|! 
(3.29) 
 
 
Slater orbitals more closely resemble the true orbitals of an isolated hydrogen atom than 
the Gauss-type orbitals. However, calculation of Gauss orbitals carries a significantly low-
er computational cost. To incorporate the advantages of both orbital types it is possible to 
‘contract’ multiple Gauss orbitals, so as to represent one Slater orbital (in linear combinat-
ion). ‘STO-3G’ is one example contracted basis set; one Slater orbital is assigned to each 
required atomic orbital of the chemical system, whereby each Slater orbital is approximat-
ed by three (‘primitive’) Gauss orbitals. STO-3G is a ‘minimal basis set’, whereby the few-
est possible number of basis functions (in order to contain all electrons of the system) are 
employed. 
 
This simplistic contraction of orbitals fails to accurately account for behaviour of valence 
orbitals. Whereas core orbitals change relatively little during a chemical process, valence 
orbitals are dramatically influenced by the precise electronic environment.  
 
To address this limitation of minimal basis sets, it is necessary to employ additional basis 
functions above those strictly required; the result is a ‘split-valence basis set’. An example 
is the ‘6-311G’ basis set. In this circumstance, the core orbitals are represented by a con-
traction of six primitive orbitals; valence orbitals are represented by three basis functions, 
one a contraction of three primitive Gauss functions, the other two incorporating just one 
primitive each (hence ‘311’). 6-311G is denoted a ‘triple-ζ’ basis set, with three times the 
minimum required number of basis functions. 
 
Further augmentations are commonly applied to basis sets to improve performance of the 
calculations. ‘Polarisable’ functions are of higher angular momentum than the functions of 
the minimal basis set (e.g. addition of ‘p’ orbitals to H). Polarisable functions are denoted 
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by bracketed letters; 6-311G(d,p) indicates ‘d’ orbitals on heteroatoms (non-H), and ‘p’ 
orbitals on hydrogens. 
 
‘Diffuse functions’ are (spacially) larger than typical basis functions, expanding further into 
space away from the nucleus. This is achieved using lower values of ζ (Slater functions, 
equation (3.28)) or α (gaussian functions, equation (3.29)). The addition of diffuse func-
tions is especially beneficial when performing a calculation on a chemical system incorpo-
rating regions of large negative charge (e.g. anion species). Diffuse functions are denoted 
with one or two ‘+’ symbols in the basis set title, the first indicating addition to heavier 
(non-H) atoms, the second to hydrogen atoms. 
 
Therefore, the widely-employed ‘6-311++G(d,p)’ basis set is split-valence, almost triple-ζ, 
and incorporates polarisable (‘d’ on heavy atoms, ‘p’ on H atoms) and diffuse (all atoms) 
functions. 
 
3.2.3   DFT and the Kohn-Sham approach 
 
Electron correlation is, at least partially, accounted for in several computational methods, 
notably Møller-Plesset (MP) perturbation theory, Configuration Interaction (CI) and Coupl-
ed Cluster techniques. Improvements in accuracy imparted by these methods are often 
substantial. However, such improvements carry an associated increase in computational 
expense; ‘Density Functional Theory’ (DFT) represents an alternative approach to evalu-
ating the electronic wavefunction based solely on the electron density, and is described 
below. 
 
Density Functional Theory (DFT) is grounded upon two separate theorems by Hohenberg 
and Kohn, published simultaneously in 1964. The significance of this development, and 
the subsequent impact on the field, is reflected by the award of the 1998 Chemistry Nobel 
Prize to Walter Kohn (shared with John Pople for contributions to basis set development). 
 
The first theorem follows from a proof by reductio ad absurdum that the Hamilton operat-
or (and hence the energy of the system) can be expressed solely in terms of the ground 
state electron density, ρ: 
 𝐸 = 𝐸[𝜌] 
(3.30) 𝜌 𝐫 =   𝑁   |Ψ(𝐪!,𝐪!,…𝐪!)|!  d𝜔!d𝐪!… d𝐪! 
(3.31) 
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The second theorem by Hohenberg and Kohn states that the electron density distribution 
giving rise to the lowest energy is the ground state electron density; this may be regarded 
as analogous to the ‘variational principle’ (3.21), adapted for DFT. 
 
For introducing electron correlation into DFT, it is valuable to define a further property, the 
‘pair density’, which is the probability of locating one electron at specific position r1, whilst 
simultaneously observing a second electron at specific position r2. Were the system to be 
entirely uncorrelated, this pair density could be simply constructed as the product of ρ at 
these two locations in space, r1 and r2. However, correlation prevents this, such that: 
 𝜌! 𝐪!,𝐪! ≠   𝑁 − 1𝑁   𝜌(𝐪!)𝜌(𝐪!) 
(3.32) 
 
Instead, the pair density 𝜌! 𝐪!,𝐪!  may be correctly represented by the integral equation: 
 𝜌! 𝐪!,𝐪! =   𝑁 𝑁 − 1    |Ψ 𝐪!,𝐪!,…𝐪! |!  𝑑𝐪!…   𝑑𝐪! 
(3.33) 
 
The ground state energy can then be constructed from a sequence of operator terms: 
 𝐸! 𝜌! =    𝜌! 𝐫 𝑉!"   d𝐫 + 𝐽 𝜌! + 𝑇 𝜌! +   𝐸!"# 𝜌  
(3.34) 
 
The first term of (3.34) is the potential energy arising from interactions between electrons 
and the nuclei (the ‘Born-Oppenheimer’ and ‘clamped nucleus’ approximations are again 
incorporated). The second term, J[ρ0], represents the electrostatic interactions (omitting 
the pair density ρ2, equation (3.33)). The third term,	  T[ρ0], is the electron kinetic energy; 
an exact mathematical expression can be determined for isolated examples such as the 
uniform electron gas, although this is not possible for the majority of chemical systems. 
 
The fourth term in equation (3.34), Encl[ρ] acts as a corrective term for the previous terms; 
incorporated are the correction for electron-electron interactions, and the correction to the 
electron kinetic energy. The necessity for this corrective term is due to the failure of other 
terms to account for electron exchange, coulomb correlation and coupled kinetic energy. 
 
The application of equation (3.34) to calculations on chemical systems yielded poor quan-
titative results, subsequently attributed to a wholly inadequate description of the electron 
kinetic energy T[ρ0]. This prompted the development, by Kohn and Sham, of the so-called 
‘non-interacting reference system’ of electron density; the reference system is defined as 
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having the same electron density as the true system, and can be described by means of 
a Slater determinant analogous to (3.9) of the Hartree-Fock method. 
 
Although this inclusion of a high number of orbitals from a considerably higher number of 
basis functions damages the intrinsic simplicity of DFT (that is, it relies only on one single 
three-dimensional variable ρ), the added complexity is more than compensated for by the 
improved characterisation of the electron kinetic energy, which may in principle be exactly 
obtained: 
 𝑇 =   −    12    𝜒! ∇! 𝜒!!!  
(3.35) 
 
As an adaptation of the Fock operator, the ‘Kohn-Sham operator’ can now be expressed, 
constructed from terms analogous to those in (3.34), with eigenfunction orbitals: 
 𝑓!"𝜒! =    𝜀!𝜒! 
(3.36) 𝑓!" =   − 𝑍!𝑟!! +    𝜌 𝐫!𝑟!"!!   d𝐫𝟐 −   12∇! +   𝑉!"(𝐫𝟏) 
(3.37) 
 
One important new term is introduced by equation (3.37); VXC is the exchange-correlation 
potential, incorporating the necessary corrective terms including those to ensure that the 
non-interacting system and the real system are of equivalent electron density. 
 
Once again, this exchange-correlation potential VXC cannot be exactly evaluated for all but 
the most simplistic and isolated examples (e.g. uniform electron gas). Therefore obtaining 
expressions that approximate VXC forms an important basis of DFT research and develop-
ment. The alternative DFT functionals are, at core, different because of their approach to 
evaluating VXC. The evolution of DFT functionals, from the basic ‘local density approximat-
ion’ (LDA) to the so-called ‘hybrid functionals’, is described succinctly in the following sub-
chapter 3.2.4, Hybrid functionals. 
 
3.2.4   Hybrid functionals 
 
The ‘local density approximation’ (LDA) DFT functionals are the most simplistic, and rely 
on the precise electron density in space alone (‘local’ electron density). The incorporation 
of spin distribution yields ‘local spin-density approximation’ (LSDA) functionals.  
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The ‘exchange-correlation functional’, EXC, is typically divided up into separate exchange 
(EX) and correlation (EC) terms, such that: 
 𝐸!" 𝜌 =   𝐸! 𝜌 +   𝐸![𝜌] 
(3.38) 
 
Evaluation of EXC allows determination of the exchange-correlation potential, VXC: 
 𝑉!" 𝜌 =   𝛿  𝐸!"[𝜌]𝛿𝜌  
(3.39) 
 
One common example of an LSDA technique is the ‘SVWN’ method which incorporates a 
Slater exchange functional ((3.40) and (3.41)) combined with the local correlation functio-
nal of Vosko, Wilk and Nusair.14 
 𝐸!!"#$   𝜌! , 𝜌! =   −  2!!  𝐶!    𝜌! 𝐫 !! +   𝜌! 𝐫 !!   d𝐫   
(3.40) 𝐶! =   34    3𝜋 !! 
(3.41) 
 
LSDA functionals often perform competently for DFT calculations; fortuitously, the typical 
underestimation of the exchange functional is partially counteracted by an overestimation 
of the correlation functional. A more complex class of functional employs the ‘generalised 
gradient approximation’ (GGA); in these circumstances, the electron density gradient (first 
derivative of density) is used instead of local electron density. Common examples of GGA 
functionals include Becke88 (B88),15 Perdew86 (P86),16 and the Lee-Yang-Parr (LYP)17 
functional. Of these three, LYP is distinct because it incorporates both local and gradient 
density terms, and does not require a functional derived from uniform electron gas. ‘Meta-
GGA functionals’ have subsequently been described (e.g. ‘τ-HCTH’, ‘TPSS’, ‘TPSSh’),18-
20 which include an additional kinetic energy term τ, representing the second derivative of 
electron density. 
 
Hybrid functionals improve upon the accuracies imparted by the LDSA and GGA function-
als by the ‘mixing’ of Hartree-Fock and DFT formalism; relative proportions of the different 
terms vary between hybrid functionals. To this effect, the profoundly-widespread ‘B3LYP’ 
hybrid exchange-correlation functional may be expressed by: 
 𝐸!"!"#$% 𝜌! , 𝜌! = 1 − 𝑎 ⋅ 𝐸!! 𝜌! , 𝜌! +   𝑎 ⋅ 𝐸!!" + 𝑏 ⋅ 𝐸!!"" 𝜌! , 𝜌!  
    +   1 − 𝑐 ⋅ 𝐸!!"# 𝜌! , 𝜌! +   𝑐 ⋅ 𝐸!!"# 𝜌! , 𝜌!  
(3.42) 
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with coefficients a = 0.20; b = 0.72; c = 0.81. Equation (3.42) therefore contains three ex-
change functionals (local Slater exchange, exact Hartree-Fock exchange and a B88 GGA 
correction to the exchange, respectively) and two correlation exchange terms (the Vosko- 
Wilk-Nusair (VWN) local and Lee-Yang-Parr GGA correlation functionals, respectively). 
 
Thus, the ‘B3LYP’ functional is regarded as a hybrid of local and generalised gradient ap-
proximation functionals. The successfulness of this functional is reflected by the astonish-
ing number of publications in which it has been employed; approximately 80% of all DFT 
literature (excluding solid-phase calculations) between 1990 and 2006 (ISI Web of Know-
ledge data).12 
 
3.2.5   Dispersion correction in DFT 
 
DFT performs poorly for physical systems featuring significant ‘dispersion’/Van der Waals 
bonding interactions. This insufficiency is commonly attributed to the highly local nature of 
the DFT functional, which struggles to account for longer-range bonding interactions. The 
use of a hybrid or double hybrid functional (chapter 3.2.3 Hybrid functionals) may partially 
recover some of this lack. 
 
An alternative approach is to purposefully supplement the existing DFT functional with a 
dispersion correction energy term, Edisp, such that: 
 𝐸!"#!! =   𝐸!"# +   𝐸!"#$ 
(3.43) 𝐸!"#$ =   −  𝑠! 𝐶!!"𝑟!"!   𝑓!"#(𝑟!")!!!!
!!!
!  
(3.44) 
 
for K atoms of the system, with inter-atomic distances rij, atom pair specific factor C6ij, and 
a ‘damping function’ fdmp. The terms rij,	  C6ij and fdmp are uniform across all DFT functionals 
whereas s6 requires optimisation for each individual functional. The inclusion of dispersion 
correction has been shown to yield improvements when performing calculations on ionic 
liquid systems;21-23 ionic liquids are often capable of significant Van der Waals, π-π stack-
ing and hydrogen bond interactions, which may be more accurately represented with the 
inclusion of dispersion. 
 
3.2.6   Polarisable Continuum Models in DFT 
 
For systems that operate under solvated conditions or in the liquid phase, gas-phase cal-
culations may give a misleading impression of the relative energies and structures of the 
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chemical system. Nevertheless full optimisation of the system surrounded by discrete sol-
vent molecules would incur a prohibitively high computational expense. Instead, a solvent 
‘polarisable continuum’ can be modelled, surrounding the cavity occupied by the chemical 
system.24,25 The molecular free energy in solution, Gsol, can be represented as the product 
of the electrostatic free energy Ges, dispersion-repulsion free energy Gdr, and the cavitation 
free energy Gcav: 
 𝐺!"# =   𝐺!" +   𝐺!" +   𝐺!"# 
(3.45) 
 
A ‘Polarisable Continuum Model’ (PCM) is designed to obtain a value for the electrostatic 
free energy term Ges. Since the inception of the PCM method by Tomasi et al. in 1981,26 a 
number of variants have arisen employing differing techniques for modelling the interact-
ions of the solute with the polarisable continuum. Notably, the Dielectric-type Polarisable 
Continuum Model (DPCM) treats the solvation continuum in terms of dielectric potentials, 
whereas a ‘Conductor-type Polarisable Continuum Model’ (CPCM) measures the electro-
static interaction between solvent and solute, in a similar manner to the ‘Conductor-like 
Screening Model’ (COSMO) solvation model.27  
 
The polarisable continuum is generated by the interlocking of Van der Waals spheres 
centred on the individual atoms of the system, followed by modification of the surface into 
small, conjoined geometric shapes (e.g. triangles, hexagons), denoted as ‘tesserae’ (Fig. 
3.8).24,25 The tesserae are then each assigned a ‘representative point’ ri, centred on the 
tile, with tessera area ai and normal vector ni passing through the centre. For a conduc-
tor-type PCM, an apparent polarisation charge is formed across the continuum surface by 
assigning point charges to each tessera. The point charges perturb individual charges on 
the polarisable continuum. High point charge areas (indicating high polarity) on the solute 
molecule are therefore stabilised, relative to the gas-phase, by the interaction with point 
charges on the polarisable continuum. The dielectric constant, ε, within the solute cavity 
(the continuum surface) is equal to that in vacuo, whereas ε external to the cavity (or the 
solvent dielectric constant) is a chosen variable of the calculation. The external ε may be 
fine-tuned to approximate different solvent environments of varying polarity. This allows 
facile evaluation of the influence of solvent polarity on the energies of minima structures 
and reaction transition states structures. PCM parameters are pre-determined to simulate 
a broad range of conventional solvents, covering a wide spectrum of ε values. 
 
More recently, Bernales et al. developed quantum mechanical solvation models specific 
for ionic liquid species, and employed the method for analysing the free energies of solv-
ation, ΔGsol0, for a broad series of neutral solutes.28 
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Fig. 3.8   A simplified diagram representing modelling of the solvent environment with a ‘Polarisable 
Continuum Model’ (PCM), for a water molecule.24,25 
 
 
 
Therefore, PCM techniques allow for the effective simulation of solvent environments for 
quantum chemical (DFT) calculations, without incurring an unfeasible computational cost. 
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Chapter 4 
Thermal Decomposition of Carboxylate Ionic Liquids: 
trends and mechanisms 
 
 
The thermal stability is a crucial consideration for any process employing ionic liquids at 
elevated temperatures. A broad variety of applications, such as their use as solvents and 
catalysts for sustainable chemical processes, as lubricants and engineering fluids, and in 
the dissolution and deconstruction of lignocellulosic biomass can greatly benefit from a 
thorough thermophysical characterisation of the focal ionic liquid compounds. 
 
Ionic liquids incorporating carboxylate anions are finding increasingly widespread interest 
and application in the broadening field of biomass deconstruction.1,2 In particular, liquids 
with carboxylate anions demonstrate excellent cellulose-dissolving capability, higher than 
their halide and dialkyl phosphate equivalents. The ionic liquid 1-ethyl-3-methylimidazol-
ium acetate, [C2C1im][OAc], has gained credibility in biomass pre-treatment studies and 
wood-grinding experiments.2-4 These processes are carried out at elevated temperatures 
(120 - 170 °C) for extended periods of time (up to 24 h).5,6 Degradation of the ionic liquid 
will reduce the efficacy of the process, and the build up of volatile or corrosive decompos-
ition products poses a significant hazard, particularly in large-scale industry. In addition, 
such processes are only economic if the ionic liquid can be recycled and used multiple 
times. 
 
Therefore a thorough understanding of the long-term thermal decomposition behaviour of 
carboxylate ionic liquids, including knowledge of the upper operational temperature limit 
and the precise mechanisms that are occurring, is crucial. 
 
To date, the thermal decomposition properties of [C2C1im][OAc] and related compounds 
have only been partially characterised. To address this concern the thermal stabilities of a 
broad series of dialkylimidazolium carboxylate ionic liquids have been investigated using 
a wide range of thermoanalytical techniques. 
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4.1   The influence of ion structure on thermal stability 
 
The precise chemical structure of the incorporated ions, and the presence or absence of 
particular functional groups, is likely to be a key determining factor in the thermal stability 
behaviour of any class of ionic liquids; structure controls both the electronic properties, 
the location and density of electronic charge, and steric properties such as the hindering 
of a reactive group by neighbouring functionality. Therefore, screening of the thermal pro-
perties of a broad range of ionic liquids, with varying carboxylate anion structure, repre-
sents a sensible starting point for an investigation of this type. Temperature-ramped Ther-
mogravimetric Analysis (TGA) allows rapid comparison of the thermal stabilities of com-
pounds within a series, and is a suitable technique for undertaking this investigation. 
 
The ionic liquids investigated in this study are displayed in Figure 4.1. With the exception 
of 3c, which was purchased, all compounds were prepared in the laboratory from com-
mercial starting materials, taking care to ensure purity at each step. Synthesis and char-
acterisation of ionic compounds is detailed in the chapter 8, Procedures. 
 
 
 
 
 
 
 
Fig. 4.1   Investigated ionic liquids, incorporating the 1-ethyl-3-methylimidazolium, [C2C1im]+, (1-12) 
and 1-ethyl-2,3-dimethylimidazolium, [C2C1C12im]+, (13 and 14) cations. 
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In order to accurately compare the influence of the carboxylate anion on thermal stability, 
the cation structure was kept uniform throughout series 1-14, with the exception of the 
substitution of the C2-H atom (1-12) with a methyl substituent (13 and 14). 
 
Each carboxylate ionic liquid, 4-12, can be regarded as an analogue of [C2C1im][OAc], 3, 
involving systematic functionalisation of the acetate anion by per-fluorination or partial 
fluorination (4 and 5, respectively), alkyl chain extension (6-9), branching (10), a strained 
cyclopropane ring (11), and by substitution of one oxygen atom of the carboxylate group 
for a sulfur atom, to give the thioacetate anion (12). In the circumstance of alkyl chain ex-
tension/branching, the concentration of the hydrophilic carboxylate group becomes in-
creasingly diluted by an increasing aliphatic contribution to the anion. Substitution of elec-
tronegative fluorine atoms into the anion is intended to bring about profound changes to 
the electron density of the carboxylate functional group. 
 
Compounds incorporating bromide, Br-, 1, and bis(trifluoromethanesulfonyl)imide, [NTf2]-, 
2, anions have been previously studied in some detail, and are included in this study for 
comparative purposes.7-10 The singly-fluorinated analogue [C2C1im][CH2FCO2] was omit-
ted from the series, because of the understood acute toxicity of fluoroacetate.11 Thus, any 
benefits of improved stability for this compound would be offset by the danger imposed by 
the associated health hazard. 
 
Three separate samples of 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc] (denoted 
3a, 3b and 3c) represent the same compound prepared by three different synthetic pro-
cedures: (i) metathesis of [C2C1im]Br, 1 with silver(I) acetate in aqueous solution yielded 
3a, and precipitated insoluble silver(I) bromide; (ii) 3b was prepared by the neutralisation 
of an aqueous solution of [C2C1im][OH] with acetic acid (aqueous [C2C1im][OH] was gen-
erated by metathesis of [C2C1im][HSO4] with barium hydroxide in aqueous solution, which 
precipitates insoluble barium sulfate);12 (iii) ionic liquid 3c was a purchased commercial 
sample of [C2C1im][OAc].13 Full synthetic protocols are detailed in chapter 8, Procedures. 
The nomenclature for samples of [C2C1im][OAc], 3n, is used, where applicable, through-
out subsequent discussion and in other chapters. 
      
Initially, thermal stabilities of ionic liquids 1-14 were compared using temperature-ramped 
TGA. Representative thermographs are shown in Figure 4.2, others are displayed in the 
Appendix. The temperature-ramped TGA experiments were performed in triplicate for 
each ionic liquid, to evaluate the reproducibility of the Tonset measurement. For all ionic liq-
uids in this investigation, the Tonset values were reproducible to within ± 2 °C. The middle 
value for each ionic liquid is tabulated in Table 4.1.  
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Fig. 4.2   Temperature-ramped TGA thermographs for [C2C1im]+ and [C2C1C12im]+ ionic liquids 1, 2, 
3a, 4 and 14. Measurements were performed from 30 - 700 °C, with a heating rate of 10 °C min-1. 
 
 
Table 4.1   Tonset values for ionic liquids 1-14. Measurements were performed in the range 30 - 700 
°C, with heating rate 10 °C min-1. Triplicate measurements established an error of ± 2 °C. 
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The three distinct samples of [C2C1im][OAc], 3a-c, give identical Tonset values within the 
experimental error of ± 2 °C (Table 4.1, Table A4.1). A thorough long-term decomposition 
investigation would elucidate minor differences in thermal stability imparted by residual 
impurities from the separate preparation methods, for example trace quantities of silver(I) 
ions, Ag+, in 3a, or of barium salts in 3b. Nevertheless, the implication of this result is that 
the commercial sample, 3c, prepared industrially on a large scale and exhibiting a strong 
orange colour (corresponding to coloured impurities largely absent from the laboratory-
prepared samples), is of comparable thermal stability to the samples prepared in the 
laboratory either via silver(I) or barium metathesis reactions, 3a and 3b respectively. 
 
Trifluorination of the acetate anion in compound 4 leads to lower thermal stability than the 
non-fluorinated compound 3a-c (Table 4.1). This is in agreement with prior literature in-
vestigations by Pibiri and co-workers, who examined the thermal stabilities of a series of 
protic perfluoroalkyl-carboxylate ionic liquids using TGA, and found these to be low.14 By 
contrast, ionic liquid 5, which incorporates the difluoroacetate anion, is found to be sig-
nificantly more stable than both the non-fluorinated and trifluorinated compounds, 3a-c 
and 4, exhibiting a Tonset temperature of 263 °C (approximately 50 °C greater than the 
fluorine-free parent compound 3a-c). Whilst is must be again emphasised that the Tonset 
parameter gives a greatly exaggerated impression of thermal stability, and the value is 
wholly inadequate as an upper operating temperature, nevertheless the difluoroacetate 
anion is expected to impart a great improvement in long-term stability compared to any 
acetate equivalent. Therefore, [C2C1im][CHF2CO2], 5, was found to be an analogue of the 
acetate ionic liquid, 3, with improved thermal stability. However, the economical and en-
vironmental impact of fluorinated species must be considered.  
 
Extension of the carboxylate alkyl chain, in compounds 6-9, has a minimal effect on the 
Tonset thermal decomposition temperature of the ionic liquid (Table 4.1). Surprisingly, even 
the 16-carbon ‘palmitate’ compound, [C2C1im][CH3(CH2)14CO2], 9, yielded a thermograph 
very similar to that of the parent acetate ionic liquid, 3a-c. Similarly, branching of the car-
boxylate alkyl chain (and hence increasing steric bulk in the proximity of the reactive car-
boxylate head), illustrated by compounds 10 and 11, also has a very small effect on the 
Tonset value. There is a minor increase in the basicity of the carboxylate anion with the ad-
dition of electron-donating alkyl substituents, as indicated by the pKa values of the conju-
gate acids (acetic acid 4.76; butyric acid 4.83; cyclopropanecarboxylic acid 4.83; hexa-
noic acid 4.85; octanoic acid 4.89; trimethylacetic/pivalic acid 5.03).15 Nevertheless, this 
brings about no substantial change in the Tonset value of the ionic liquid.  
 
Therefore, temperature-ramped TGA experiments indicate that there is no substantial dif-
ference in the thermal stability of [C2C1im]+ carboxylate ionic liquids with differing length 
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or branched alkyl chains, and that the decomposition mechanism involves the reactive 
carboxylate functional group. One further implication is that, at least at the temperatures 
approaching the Tonset value and where thermal decomposition becomes significant, the 
mobility and diffusion of even the very large octanoate and palmitate anions is sufficient 
in order for them to react via the carboxylate functionality with comparable ease to the far 
smaller acetate anion. It is unclear whether these large anions, with a substantial aliphatic 
contribution to the mass and with likely surfactant properties, preferentially adopt a ‘linear’ 
geometry with mostly anti/trans conformations of the alkyl chain, or whether these anions 
prefer a ‘coiled’ structure with a predominance of gauche/cis bonds. Furthermore, the 
possibility of ordered hydrophilic (charged) and hydrophobic (neutral) domains cannot be 
excluded. Molecular Dynamics (MD) simulations may shed some light on this, and would 
be worthy of further study. 
 
The thioacetate analogue, [C2C1im][SAc], 12, is substantially less thermally stable than 
the acetate equivalent, 3a-c, with a Tonset temperature more than 25 oC lower. Thermal 
decomposition of 12 is predicted to occur via a nucleophilic substitution mechanism, be-
cause of the high nucleophilicity and low basicity of the thioacetate anion (pKa thioacetic 
acid = 3.33).15 This was confirmed, and is discussed more fully in the Thermal decomp-
osition mechanisms subchapter 4.3, below. The negative charge on the thioacetate anion 
is known to be centred almost entirely on the sulfur atom, due to the large energy 
difference between the thiol and thione forms (shown below in Figure 4.3).16  
 
It was observed that over a period of six months, the yellow thioacetate ionic liquid, 12, 
slowly began to exhibit a dark brown colour, even when refrigerated at 4 °C under nitro-
gen (Fig. 4.4). This colour change suggests poor long-term stability. Furthermore, the 1H 
NMR spectrum of the darkened liquid showed a decrease in the integration of the thio-
acetate methyl peak, [CH3COS]-, accompanied by the appearance of a new small singlet 
at 1.75 ppm. Despite the efforts taken to fully remove and exclude water from the syn-
thesised ionic liquid 12, 1H NMR and LSIMS mass spectrometry experiments revealed 
that partial hydrolysis of thioacetate to acetate had occurred. The convoluted synthesis 
(three steps, employing the acutely toxic compound dimethyl sulfate) and offensive odour 
of 12 indicate that it will not be a suitable candidate for many ionic liquid applications. 
 
 
 
 
 
Fig. 4.3   Resonance structures of the favoured thiol (left) and disfavoured thione (right) tautomers 
of a thiocarboxylic acid, R COSH. 
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(a) 
 
(b) 
 
Fig. 4.4   (a) Observed darkening and decomposition of 1-ethyl-3-methylimidazolium thioacetate, 
[C2C1im][SAc], 12, after six months, when stored under nitrogen at 4 °C; (b) The aliphatic region of 
the 1H NMR spectrum of [C2C1im][SAc], 12, after six months, demonstrating disappearance of the 
thioacetate singlet at 2.12 ppm, and the appearance of a novel peak at 1.75 ppm. 
 
 
 
Each of the above comparisons relates to modifying the chemical structure of the anion, 
with a possible profound effect on the thermal stability of the resultant ionic liquid (when 
maintaining the 1-ethyl-3-methylimidazolium cation). However inclusion of ionic liquids 13 
and 14 in this investigation allows the effect of methylation at the crucial and ‘acidic’ (pKa 
~ 22) C2 ring position to be directly studied. Interestingly, similar to enlarging the aliphatic 
proportion of the ion in the case of the longer-chain carboxylate anions, substitution of a 
methyl group at the cation C2 position confers only a minimal change on the Tonset decom-
position temperature of the acetate ionic liquids (Tonset = 221 ± 2 °C for [C2C1C12im][OAc], 
14, 215 ± 3 °C for [C2C1im][OAc], 3, Table 4.1). This is further pronounced in the case of 
the bromide analogues, 1 and 13, whereby C2-methylation results in an indistinguishable 
Tonset temperature (within experimental error), 299 and 301 °C, respectively. Therefore, it 
is probable that the prevailing thermal decomposition mechanisms of these four ionic liq-
uids (or precursor, Tm of 13 = 138 - 140 °C) involve no substantial contributory effect from 
the C2 ring position; otherwise, substitution of a methyl group at this location would be 
expected to cause a more dramatic change in Tonset. 
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In addition to considerations of the cation and anion structure, the identity of the flow gas 
could potentially affect the thermal stabilities of ionic liquids 1-14. Therefore, subsequent 
temperature-ramped TGA experiments were performed for the archetypal ionic liquid 
[C2C1im][OAc], 3c, under compressed air and CO2 flow gases, in addition to the usual 
inert nitrogen. A TGA thermograph for 3c under a CO2 carrier gas is displayed below 
(Fig. 4.5). Prior to each scan, the ionic liquid was heated to 80 °C for 10 hours in the TGA 
apparatus under a gentle flow of each gas, to ensure equilibration of the dissolved gases 
in the ionic liquid. The presence of oxygen gas in compressed air introduces the 
possibility of oxidation or combustion occurring. Moreover, employing CO2 as the carrier 
gas may indicate the presence of an NHC species forming in the ionic liquid, since CO2 
could act as a carbene trap, resulting in the zwitterionic species [C2C1im+-CO2-] observed 
initially by Rogers et al.,17 or else through formation of acetate-CO2 adducts.18  
 
Strikingly, no measurable change in the thermal stability behaviour of 3c was observed 
under the compressed air environment; a Tonset value of 216 °C was recorded, suggesting 
that neither oxidation nor combustion represent predominant thermal decomposition 
mechanisms. However, for the experiment employing a CO2 carrier gas, an initial gain of 
mass was observed for the first two hours of the 10-hour 80 °C equilibration period, 
followed by gradual loss of mass for the remainder of the equilibration step. The sample 
then gave a Tonset value of 225 °C in the subsequent temperature-ramped step, slightly 
higher than for 3c in the nitrogen experiment. These results are consistent with the partial 
formation of zwitterion [C2C1im+-CO2-],17 correlating with mass gain during equilibration.  
 
 
 
 
Fig. 4.5   Gain and loss in weight of 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc] 3c, during 
the 10-hour 80 °C drying procedure incorporating a CO2 carrier gas. 
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Therefore, it is crucial to consider the nature of the gaseous environment when employing 
ionic liquid 3c. Any conclusions derived from thermogravimetric experiments, regarding 
the stability of ionic liquid or other compounds, must be done so in full understanding that 
a variety of experimental parameters can strongly influence the results.19,20 
 
4.2   Long-term stability: a kinetic and thermodynamic approach 
 
The Tonset temperature, obtained via a ‘step-tangent’ analysis of the temperature-ramped 
TGA thermograph, is well understood to overestimate the thermal stability of ionic liquid 
compounds.7,21 Whilst these experiments, therefore, provide a rudimentary comparison of 
the thermal stabilities of compounds within a series (assuring experimental conditions are 
uniform), they are insufficient in providing a thorough and comprehensive understanding 
of ionic liquid thermal behaviour. By contrast, isothermal TGA is capable of providing an 
ensemble of useful kinetic and thermodynamic parameters relating to the long-term ther-
mal stability. 
 
Isothermal TGA experiments were carried out for the two ionic liquids incorporating the 
acetate anion, namely [C2C1im][OAc], 3a, and [C2C1C12im][OAc], 14, at various fixed tem-
peratures in range 100 - 170 °C. The isothermal thermographs were obtained as a se-
quence of almost straight lines. The T0.01/10 parameter (the temperature at which exactly 
1% weight loss occurs within 10 hours) was determined for both ionic liquids, employing 
the method described by MacFarlane and co-workers.7,22 The procedure is described in 
chapter 3, Methods. Isothermal TGA thermographs for 3a and 14 are shown below (Figs. 
4.6 and 4.7). 
 
For ionic liquids 3a and 14, the T0.01/10 parameter was measured as 102 °C and 99 °C, 
respectively. For 3a, this value is significantly lower than the operating temperature of 
several biomass processes employing this ionic liquid (typically upwards of 120 °C).5,6 In 
addition, biomass procedures are often carried out for periods substantially longer than 
10 hours. Therefore, even equating the T0.01/10 temperature as a rudimentary upper safe 
operating temperature, it is likely that biomass procedures of this type will bring about 
substantial degradation of the incorporated acetate ionic liquid [C2C1im][OAc]. It must be 
recognised here, and in all subsequent discussion of thermal stability derived from TGA 
analysis, that environmental and experimental conditions greatly influence the obtained 
T0.01/10 and other parameters. In these TGA experiments, the ionic liquid experiences an 
open system (volatile degradants can freely evaporate, carried on a gentle stream of inert 
nitrogen flow gas), is largely anhydrous (so experiences no significant stabilising/destab-
ilising effect from water), and has a high surface to volume ratio. The concluded ionic liq-
uid thermal stability must be stated with reference to these conditions. 
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(a) 
 
 
(b) 
 
Fig. 4.6   (a) Isothermal TGA analysis of 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc] 3a; 
(b) The t0.99 (time taken for exactly 1% mass loss to occur) values were plotted against temperature 
(T) in Kelvin, yielding an exponential fit. The fitted curve was extrapolated backwards to find T0.01/10 
corresponding to t0.99 = 600 min/10 hours. T0.01/10 was determined as 102 °C. 
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(a) 
 
 
(b) 
 
Fig. 4.7   (a) Isothermal TGA analysis of 1-ethyl-2,3-dimethylimidazolium acetate, [C2C1C12im][OAc] 
14; (b) t0.99 (time taken for exactly 1% mass loss to occur) values were plotted against temperature 
(T) in Kelvin, yielding an exponential fit. The fitted curve was extrapolated backwards to find T0.01/10 
corresponding to t0.99 = 600 min/10 hours. T0.01/10 was determined as 99 °C. 
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The T0.01/10 value is a reasonable approximation of long-term thermal stability. However, 
the required thermal stability criteria will be largely dictated by the specific intended 
application; in some instances, the ionic liquid will be heated for substantially longer than 
10 hours, and where the system is particularly sensitive to decomposition products, a 1% 
extent of thermal degradation may be unacceptable. Therefore, the ability to accurately 
predict the rate of decomposition at any given temperature is necessary.  
 
The Arrhenius equation, (4.1), representing ionic liquid decomposition, can be determined 
from the isothermal TGA data, as described in more depth in the methods chapter.23-25 
Hence, the activation energy, Ea, and pre-exponential factor, A, can be accurately quanti-
fied. This allows rapid and accurate prediction of the decomposition rate at any temper-
ature, at least within the investigated temperature range (100 - 170 °C). The Arrhenius 
equations representing decomposition of [C2C1im][OAc], 3a, and [C2C1C12im][OAc], 14, 
have been determined using this isothermal method. 
 
Ionic liquid thermal decomposition represents an interesting kinetic scenario. The cations 
and anions are present, in the pure ionic liquid, in a uniform 1:1 ratio. Where ionic liquids 
thermally decompose via the reaction of one cation with one anion, thereby generating 
volatile degradants that escape the system, the concentration of cations and anions in the 
bulk ionic liquid does not change. Therefore under these circumstances, decomposition is 
pseudo zeroth order. The rate of such a thermal decomposition process can be expressed 
in terms of the molar proportion, α, of the ionic liquid that has decomposed as a function 
of time, dα/dt (eq. 4.1), a term independent of the concentration of ions. Plotting ln(dα/dt) 
against 1/T gives a linear fit with a gradient equal to -Ea/R and a y-axis intercept equal to 
ln(A). 
 
dα/dt = A exp(- Ea/RT)                                    (4.1) 
 
The plots of ln(dα/dt) against 1000/T for 3a and 14 are shown in Figure 4.8. 
 
In agreement with the very similar Tonset temperatures obtained from temperature-ramped 
TGA for ionic liquids [C2C1im][OAc], 3a, and [C2C1C12im][OAc], 14 (216 ± 2 °C and 221 ± 
2 °C, respectively), the T0.01/10 values are comparable, at 102 and 99 °C, respectively. 
However, examination of the individual Arrhenius parameters (eq. 4.1) demonstrates that 
the activation energies Ea differ by approximately 16 kJ mol-1  (116 kJ mol-1 for 3a and 100 
kJ mol-1 for 14). Furthermore, the pre-exponential factors differ by two orders of magni-
tude (3.0 x 109 for [C2C1im][OAc], 3a, 2.2 x 107 for [C2C1C12im][OAc], 14). 
 
Matthew T. Clough                                             Chapter 4 - Thermal Decomposition of Carboxylate Ionic Liquids 
 113 
 
(a) 
 
(b) 
 
Fig. 4.8   Determination of the Arrhenius parameters relating to the thermal decomposition of ionic 
liquids (a) [C2C1im][OAc], 3a, Ea = 116 kJ mol-1, A = 3.0 x 109; (b) [C2C1C12im][OAc], 14, Ea = 100 
kJ mol-1, A = 2.2 x 107. 
 
 
The pre-exponential factor, A, often denoted the ‘frequency factor’, is intrinsically linked to 
the frequency of molecular collisions occurring, whether or not the collision leads to a 
reaction. The differing values of A suggest significantly fewer collisions are occurring for 
14 than for 3a, although the lower Ea value for 14 indicates that a greater proportion of 
collisions will result in a decomposition reaction. The significant disparity in A of the two 
ionic liquids may occur as a result of the reduced mobility of the 1-ethyl-2,3-dimethylimi-
dazolium cation, [C2C1C12im]+, caused by the additional steric bulk and van der Waals in-
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teractions of the C2-methyl substituent. However, the obtained value of A is linked to the 
y-axis intercept from the plot of ln(dα/dt) against 1/T. Therefore relatively modest changes 
to the gradient of the fitted straight lines (Fig. 4.8), caused by small errors in the obtained 
data points, may amount to relatively substantial differences in A. By contrast, Ea is deter-
mined from the gradient itself and is therefore less dependant on minor gradient changes. 
The quality of the linear correlation of ln(dα/dt) against 1/T for [C2C1im][OAc] (Fig. 4.8a) is 
significantly greater than that of [C2C1C12im][OAc] (Fig. 4.8b) (although the R2 of each is > 
0.98). Therefore, the magnitude of the error of A for [C2C1C12im][OAc] may be substantial, 
potentially reducing the difference between the two ionic liquids. 
      
Ionic liquid 14 has a measured melting point of 90 - 92 °C, whereas 3a is a liquid at room 
temperature. Therefore, at temperatures high enough for 14 to be in the liquid state, 
decomposition will already be occurring at a rate of approximately 1% in 24 hours. This 
absence of a ‘window’, in which compound is both liquid and thermally stable, will restrict 
the suitability of salt 14 for many applications. 
 
When referring to ‘thermal decomposition’ in an open system, such as in that of the TGA 
apparatus, the contribution to mass loss from evaporation of the ionic liquid must also be 
considered. Despite once being heralded as completely non-volatile, ionic liquids are now 
known to exert a vapour pressure;26-31 the volatility of intact ionic liquids, and the contribu-
tion to mass loss, is discussed in more depth in the introductory chapters. 
      
For the dialkylimidazolium and trialkylimidazolium carboxylate ionic liquids investigated, it 
is unclear whether thermal decomposition is occurring exclusively, or whether vaporisat-
ion of the intact ionic liquid is also involved. However, several literature studies can lend 
evidence to a predominance of thermal decomposition, and a correspondingly minimal 
contribution to mass loss from ionic liquid vaporisation; Shimizu and co-workers have cal-
culated the ΔHvap value for the analogous ionic liquid [C4C1im][OAc] (using the relation-
ship ΔHvap = Ucohesive + RT), and found this value to be 100 kJ mol-1 higher than for 
[C4C1im][NTf2] (an ionic liquid with a non-negligible contribution to mass loss of the intact 
ionic liquid evaporating).32 Furthermore, Chandran et al. obtained a ΔHvap value of 187.6 
kJ mol-1 for [C4C1im][OAc], from MD simulations.33 The Tonset temperatures for all alkyl 
and fluoroalkyl carboxylate ionic liquids investigated here, 3-12, are at least 170 °C lower 
than for bis(trifluoromethanesulfonyl)imide ionic liquid [C2C1im][NTf2], 2  (Table 4.1).  
      
Therefore, there is likely to be a contribution from ionic liquid vaporisation for ionic liquid 
[C2C1im][NTf2], 2.23 However on the basis of the low thermal decomposition temperatures 
and high vaporisation enthalpies, the contribution to mass loss from vaporisation is likely 
to be negligible for all alkyl and fluoroalkyl carboxylate ionic liquids, 3-12, in this study. In-
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stead, all mass loss is attributed to the evaporation of volatile thermal decomposition pro-
ducts, and volatilisation of intact carboxylate ionic liquids is believed to be negligible. 
 
The Arrhenius parameters, Ea and A, were determined for ionic liquids [C2C1im][OAc], 3a, 
and [C2C1C12im][OAc], 14, from isothermal TGA analysis at a sequence of temperatures 
in the range 100 - 170 °C. An alternative method, developed by Flynn and Wall in 1966 
(and described fully in chapter 3, Methods),24 uses identical TGA apparatus, and involves 
modification of the heating rate, allowing rapid evaluation of the activation energy, Ea. 
 
Applying this method to the central compound of the investigation, [C2C1im][OAc], 3a, a 
series of temperature-ramped TGA thermographs were obtained with constant heating 
rates of β = 2, 10, 25, 50 °C min-1. The temperatures corresponding to various arbitrary 
extents of decomposition, C = 0.25, 0.4, 0.5, 0.6 and 0.75, were read from the graphs. 
Plotting 1/T against - log β generates a series of straight lines, and allows the Ea value to 
be evaluated (Fig. 4.9). 
 
A slight disparity in the obtained Ea value arises from selecting a different value of C (Fig. 
4.9), translating into minor differences in the gradients of the linear plots. As the selected 
value of C increases, the activation energy marginally decreases, approaching the value 
of Ea obtained from the isothermal TGA analysis for 3a (116 kJ mol-1). Nevertheless, all 
values of Ea for 3a obtained from TGA analysis compare favourably. 
 
 
 
 
 
Fig. 4.9   ‘Heating rate method’ analysis of the activation energy, Ea, of 1-ethyl-3-methylimidazolium 
acetate, [C2C1im][OAc], 3a. A series of temperature-ramped TGA experiments are performed with 
varying constant heating rate, β. Temperatures, T, at which C extent of mass loss has occurred are 
read from the thermographs. Plotting 1/T against - log β gives straight lines, yielding values of Ea. 
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The thermal decomposition behaviour of ionic liquids 3b, 4, 11 and 14 was subsequently 
investigated employing Differential Scanning Calorimetry (DSC), and ΔHdecomposition values 
were measured. In order to correlate the DSC peaks to specific decomposition processes 
observed in the TGA, a temperature-ramped TGA experiment was performed for each of 
the four ionic liquids at the same slower heating rate of 2.5 °C min-1. Subsequently, these 
TGA thermographs were superimposed on the DSC traces. Complete DSC procedures 
are described in chapter 3, Methods and chapter 8, Procedures. DSC data for liquids 3b, 
4, 11 and 14 are listed below in Table 4.2, and graphs are displayed in Table 4.10. 
 
The DSC profile for the first heating step of ionic liquid 3b displayed one broad endother-
mic peak, between 200 - 250 °C. This endothermic peak occurs in the same temperature 
range as the TGA weight loss, and has been assigned as thermal decomposition of the 
ionic liquid, with ΔHdecomposition = + 51.9 kJ mol-1 (Fig. 4.10a). The DSC profile for decomp-
osition of [C2C1im][CF3CO2], 4, demonstrated a two-step process, matching the two ob-
servable weight loss stages in the TGA thermograph. Both steps were endothermic and 
of similar magnitude, + 15.7 and + 10.5 kJ mol-1, respectively. 
      
Ionic liquid 11, incorporating the strained cyclopropane ring moiety, exhibits endothermic 
decomposition in a similar fashion to acetate ionic liquid 3b. The measured ΔHdecomposition 
value of + 64.7 kJ mol-1 for 11 is comparable to the value for ionic liquid 3b. No additional 
peaks were observed in the DSC decomposition profile for 11, suggesting that opening of 
the cyclopropane ring does not occur as a distinct chemical process. A similar shallow, 
broad endothermic decomposition DSC trace was obtained for the C2-methylated salt, 
[C2C1C12im][OAc], 14, and ΔHdecomposition was measured as + 18.0 kJ mol-1. 
      
 
Table 4.2   ΔHdecomposition values for ionic liquids, measured using Differential Scanning Calorimetry 
(DSC). Each ionic liquid exhibited endothermic decomposition, over a broad temperature range. 
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(a) 
 
 
(b) 
 
Fig. 4.10   DSC traces representing the thermal decomposition of ionic liquids [C2C1im][OAc], 3b, 
and [C2C1im][CF3CO2], 4, shown in the temperature range 100-300 °C (blue). Temperature-ramped 
TGA thermographs are superimposed (black). 
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(c) 
 
 
(d) 
 
Fig. 4.10 continued   DSC traces representing thermal decomposition of [C2C1im][c-(C3H5)CO2], 
11, and [C2C1C12im][OAc], 14, shown in the temperature range 100-300 °C (blue). Temperature-
ramped TGA thermographs are superimposed (black). 
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The four ionic liquids investigated using DSC (3b, 4, 11 and 14) appeared to thermally 
decompose entirely to volatile products; the aluminium DSC pans were opened after the 
experiments, and there was no observable decomposition residue. Accordingly, the 
second heating scan of these DSC experiments displayed no noticeable peaks. However, 
a single small endothermic peak was observed in the cooling stage for [C2C1im][CF3CO2], 
4, at 247 °C. This suggests that a small quantity of decomposition residue was present 
after the first heating stage for this ionic liquid. 
 
In summary, the DSC experiments indicated that for the four investigated imidazolium 
ionic liquids incorporating alkyl (3b, 11, 14) and fluoroalkyl (4) carboxylate anions, ther-
mal decomposition is an endothermic event with positive values of ΔHdecomposition. It must 
be noted that DSC measures the total enthalpic response of the ionic liquid, relative to an 
empty reference pan. This includes both the energy associated with the chemical reaction 
of decomposition, followed by enthalpies of vaporisation (ΔHvap) of the volatile decomp-
osition products. DFT computational calculations are employed at a later stage in this in-
vestigation to measure the precise energy barriers for individual thermal decomposition 
mechanisms (see chapter 5, Interactions and Stability of Carboxylate Ionic Liquids).  
Furthermore, there was an absence of any decomposition residue for the three non-fluor-
inated ionic liquids investigated, although a small amount of residual material may have 
been formed from the degradation of [C2C1im][CF3CO2], 4. 
Therefore, the long-term stability of the widely-employed ionic liquid compound, 1-ethyl-3-
methylimidazolium acetate, [C2C1im][OAc], 3, and its C2-methylated analogue 1-ethyl-2,3-
dimethylimidazolium acetate, [C2C1C12im][OAc], 14, have been analysed by employing a 
combination of thermogravimetric and calorimetric techniques. Critically, 3 was found to 
be substantially less thermally stable then previously assumed; under largely anhydrous 
and inert nitrogen conditions, thermal degradation becomes a non-negligible factor at 
temperatures of and above 100 °C (highlighted by the low T0.01/10 value of 102 °C). The 
low thermal stability of [C2C1im][OAc], 3, carries important implications for lignocellulosic 
biomass procedures that employ this ionic liquid, whereby 3 is commonly employed at 
temperatures up to 170 °C and for extended periods reaching 24 hours. 
When designing ionic liquid-assisted experiments or applications, sensible questions to 
pose are “to what temperature can I heat the ionic liquid?” and “for how long?”. Evidently, 
answers to these queries are non-trivial, and depend upon, amongst other things, the gas 
environment, the nature of any dissolved solutes, and the presence of neutral diluents. 
However, obtaining the Arrhenius parameters for ionic liquids 3 and 14 allows accurate 
prediction of both their rate and extent of decomposition, where experimental conditions 
are similar to those exerted on the ionic liquid by the TGA apparatus. 
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4.3   Thermal decomposition mechanisms 
 
An understanding of the safe operating temperatures of an ionic liquid is crucial. In ad-
dition, knowledge of the thermal decomposition products is important; the production of 
volatile or corrosive degradants represents a safety hazard, and may lead to a reduction 
in the efficacy of a process. Therefore, whether conducted on a laboratory or an industrial 
scale, ionic liquid-assisted processes can benefit from characterisation of the prevailing 
thermal decomposition mechanisms.  
 
Certain ionic liquids are known to thermally decompose by SN2-type nucleophilic attack of 
the anion on the cation,9,10,34-38 or by initial degradation of the anion into reactive species, 
which subsequently undergo reaction with the cation.8,10,39 The formation of N-Heterocyc-
lic Carbene (NHC) species from dialkylimidazolium ionic liquids, via basic abstraction of 
the C2 ring proton, represents another potential decomposition route.18,40-48 Ionic liquids 
incorporating tetrafluoroborate, [BF4]-, or hexafluorophosphate, [PF6]-, anions are suscep-
tible to hydrolysis, liberating highly corrosive hydrogen fluoride, HF.49-51  
 
Carboxylate anions exhibit both a moderate nucleophilic and basic character, therefore 
several chemically-plausible decomposition mechanisms can be proposed for 1-ethyl-3-
methylimidazolium carboxylate ionic liquids (mechanisms A-E, Fig. 4.11). 
 
Thermogravimetric Analysis (TGA) coupled with Mass Spectrometry (MS) allows for the 
stream of inert gas to be analysed, and chemical products from the ionic liquid thermal 
decomposition can be detected. The detection of peaks at m/z values corresponding to 
parent ions or fragment ions of certain decomposition products is indicative of a particular 
mechanism (or mechanisms) occurring. Full TGA-MS protocols are described in chapter 
3, Methods, and chapter 8, Procedures. 
      
Dialkyl-/trialkyl-imidazolium ionic liquids incorporating bis(trifluoromethanesulfonyl)imide 
(2), acetate (3a, 14), trifluoroacetate (4), octanoate (8) and thioacetate (12) anions were 
investigated with TGA-MS. In order for mass spectral peaks to be of sufficient intensity, a 
larger quantity (20 - 60 mg) of the ionic liquid was used compared to regular temperature-
ramped TGA experiments. Electron Ionisation (EI) mass spectra were recorded at inter-
vals throughout the experiment, in the range m/z 10 - 300. A 70 eV ionisation energy was 
employed. The main peaks of interest were of m/z 40 and above. 
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Fig. 4.11   Postulated decomposition mechanisms for [C2C1im]+ ionic liquids 3a, 4, 8 and 12: (A) N-
heterocyclic carbene (NHC) formation by basic abstraction of the ring C2 proton; (B) + (C) SN2-type 
nucleophilic substitution mechanisms at the imidazolium methyl and ethyl substituent, respectively; 
(D) E2 Hofmann elimination mechanism; (E) anion decarboxylation mechanism. 
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Fragmentation of small-molecule thermal decomposition products is possible under harsh 
conditions exerted by electron ionisation mass spectrometry (EIMS). For this reason, the 
parent ion corresponding to a given thermal decomposition product may not always be 
observed, even if the decomposition product is present in the flow of inert gas. Therefore, 
MS data listed in the ‘National Institute of Standards and Technology’ (NIST) Chemistry 
WebBook was used to identify expected fragmentation of small-molecule decomposition 
products.52 In addition, it is possible that the relatively involatile degradation products and 
also intact ionic liquid ions may volatilise but subsequently condense on the ceramic tube 
connecting the TGA and MS apparatus; these will not be observed in the mass spectra. 
      
For each investigated ionic liquid, a single mass spectrum was chosen from the TGA-MS 
data, recorded at a time point during the main thermal decomposition period of the ionic 
liquid. Major peaks were then assigned as parent peaks, or fragments, of decomposition 
products. MS histograms for [C2C1im][NTf2], 2, [C2C1im][OAc], 3a, [C2C1im][CF3CO2], 4, 
and [C2C1im][SAc], 12, are shown in Figure 4.12. Subsequently, the intensity of particular 
m/z peaks could be plotted as a function of temperature, overlaid with the TGA thermo-
graph. TGA-MS graphs of this type for 3a and 14 are shown in Figure 4.13. 
      
The thermal decomposition of [C2C1im][NTf2], 2, has been previously studied in detail, 
and a decomposition mechanism was suggested.8,10 Chen et al. observed a peak at m/z 
64, which was assigned as [SO2]+. In addition, their experiments showed smaller peaks 
corresponding to a number of other degradants, including 1-methylimidazole, 1-ethylimi-
dazole, ethene (C2H4), CH3NH2 and CHF3. They therefore proposed a mechanism for the 
decomposition of 2, involving an anion-centred decomposition to generate reactive radi-
cal intermediates (CF3, NH2, F), which then react with the [C2C1im]+ cation. The results 
evolving from these TGA-MS studies on compound 2 (Fig. 4.12a) are consistent with the 
finding of Chen and co-workers8; peaks at m/z 64 and m/z 69 were observed during the 
primary decomposition period, which were assigned to [SO2]+ and [CF3]+, respectively. 
Therefore, an anion-centred thermal degradation mechanism is likely for ionic liquid 2. 
 
The TGA-MS experiments for the archetypal carboxylate ionic liquid [C2C1im][OAc], 3a, 
indicate that the onset of thermal decomposition is accompanied by detection of a large 
peak at m/z 74 in the mass spectrometer, which is assigned to the parent ion of methyl 
acetate, [CH3CO2CH3]+ (Fig. 4.12 and 4.13). This strongly suggests an SN2 mechanism 
occurring at the methyl substituent of the [C2C1im]+ cation, because it is unlikely that any 
other mechanism could produce substantial amounts of this degradant (Fig. 4.11). The 
peak at m/z 59 was assigned to [CH3CO2]+, a known fragment of methyl acetate, but not 
of acetic acid or ethyl acetate in EI mass spectrometry.52 This is further evidence for the 
SN2 mechanism occurring at the methyl substituent. 
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(a)      
 
(b)      
 
(c)      
 
(d)      
 
Fig. 4.12   TGA-MS investigation of ionic liquids: [C2C1im][NTf2], 2, (a); [C2C1im][OAc], 3a, (b); 
[C2C1im][CF3CO2], 4 (c); and [C2C1im][SAc], 12, (d). MS histograms were recorded during the main 
thermal decomposition period of the ionic liquid. Peaks were assigned to parents or fragments of 
expected decomposition products. Spectra are shown in the region 40 - 150 m/z, for clarity. 
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(a) 
 
 
(b) 
 
Fig. 4.13   TGA-MS investigation of ionic liquids [C2C1im][OAc], 3a, (a) and [C2C1C12im][OAc], 14, 
(b). Solid black lines represent TGA thermographs; coloured dashed lines represent MS intensities 
for selected m/z values; the assigned decomposition products are shown. 
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A small peak corresponding to ethyl acetate, [CH3CO2CH2CH3]+ (m/z 88), was also ob-
served, indicative of nucleophilic attack at the more sterically crowded ethyl substituent 
(Fig. 4.13a). These mechanisms are consistent with the nucleophilic character of the 
acetate anion. An acetic acid parent peak (m/z 60) is detected as a minor decomposition 
product This suggests that either an E2 Hofmann elimination mechanism or else NHC 
formation is occurring to a small extent. No fragment at m/z 60 is expected in the EI mass 
spectrum of either methyl acetate or ethyl acetate,52 therefore our observed peak at m/z 
60 cannot be regarded as a fragment of either ester decomposition product. Interestingly, 
no significant peaks were observed for the molecular ion of 1-methylimidazole (m/z 82), 
1-ethylimidazole (m/z 96), or for the carbene 1-ethyl-3-methylimidazol-2-ylidene (m/z 110) 
that would form in the event of NHC decomposition (mechanism A, Fig. 4.11). 
 
The neutral heterocyclic species 1-ethylimidazole should be present as a product of the 
SN2 thermal decomposition mechanism occurring at the methyl substituent of the 1-ethyl-
3-methylimidazolium cation of ionic liquid [C2C1im][OAc], 3a. Investigations to confirm 1-
ethylimidazole as a thermal decomposition product of 3a, by high-temperature 1H NMR 
experiments, are described below. 
      
The low Tonset value for [C2C1im][CF3CO2], 4, can be understood in terms of an anion-
centred decarboxylation mechanism, enabled by the relative stability of the CF3- anion or 
CF3 radical that would form. The TGA-MS data for this compound supports this hypo-
thesis, as indicated by the presence of peaks at m/z 44, [CO2]+, m/z 69, [CF3]+, and m/z 
51, [CHF2]+. The peak at m/z 69 could be attributed to multiple plausible decomposition 
products of [C2C1im][CF3CO2], 4, including CHF3, trifluoroacetic acid, methyl trifluoroace-
tate and ethyl trifluoroacetate.52 However, the fragment at m/z 51, [CHF2]+, strongly 
suggests the presence of CHF3 as a major decomposition product of ionic liquid 4, since 
it is not a known fragment of the potential acid or ester products generated by SN2 or E2 
mechanisms.52 Although the peak at m/z 44 is observed throughout the duration of the 
TGA-MS experiment (CO2 is a minor contaminant of the helium carrier gas), there is a 
visible spike in intensity corresponding to the onset of mass loss. Therefore, the TGA-MS 
data strongly indicates an anion-centred decarboxylation mechanism for thermal decom-
position of ionic liquid 4. 
      
The TGA-MS results for the octanoate ionic liquid, 8a, were compared with those for the 
acetate ionic liquid, 3a, in order to understand the effect of alkyl chain extension on the 
prevailing mechanisms of thermal decomposition. For 8a, a peak was observed at m/z 
158, which has been assigned as the parent peak of the ester product methyl octanoate, 
[CH3(CH2)6CO2CH3]+. This suggests an SN2 nucleophilic attack of the octanoate anion at 
the methyl substituent of the [C2C1im]+ cation (mechanism B, Fig. 4.11). Lower intensity 
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peaks were observed that can be assigned to fragments of octanoic acid and ethyl oc-
tanoate. Unlike the TGA-MS experiment for 3a, parent peaks of 1-methylimidazole (m/z 
82) and 1-ethylimidazole (m/z 96) were observed in the TGA-MS spectrum of [C2C1im]-
[CH3(CH2)6CO2], 8a. The presence of these two neutral imidazole products is further 
evidence for SN2-type decomposition mechanisms. 
      
For the thioacetate ionic liquid [C2C1im][SAc], 12, a large peak at m/z 90 was observed, 
corresponding to the parent ion of methyl thioacetate, [CH3COSCH3]+ (Fig. 4.12d). This 
offers strong evidence of an SN2 mechanism occurring at the methyl substituent of the 
[C2C1im]+ cation, analogous to the decomposition of 3a; unsurprising, given the known 
high nucleophilicity of the thioacetate anion. 
      
Considering the C2-methyl substituted ionic liquid, [C2C1C12im][OAc], 14, an NHC decom-
position pathway (mechanism A, Fig. 4.11) is not possible. Instead, a proton may be ab-
stracted from the C2 methyl group, generating acetic acid and a neutral species, 1-ethyl-
3-methyl-2-methylene-2,3-dihydroimidazole (m/z 124). However, no detectable peak was 
observed at m/z 124 during the decomposition of ionic liquid 14, suggesting that this 
mechanism does not occur to any measurable extent. Instead, the major observed de-
composition product in the TGA-MS experiment for ionic liquid 14 was methyl acetate, 
[CH3CO2CH3]+, at m/z 74. Therefore, it is likely that the decomposition of both acetate 
ionic liquids, 3a and 14, occurs predominantly via an SN2 nucleophilic attack at the less-
hindered imidazolium methyl substituent. 
      
The TGA-MS results therefore indicate the occurrence of SN2 nucleophilic substitution 
decomposition mechanisms (compounds 3a, 8a, 12, 14) or anion-centred decomposition, 
generating reactive intermediates which subsequently attack the [C2C1im]+ cation (2 and 
4). For each of the ionic liquids investigated in this TGA-MS study, there was no substan-
tive evidence of the anion behaving as a base, and no strong indication of an E2 Hof-
mann elimination-type reaction occurring. 
      
The decomposition of [C2C1im][OAc], 3a, was explained in terms of an SN2 nucleophilic 
substitution mechanism at the methyl substituent of the [C2C1im]+ cation, on the basis of 
the large observed peak for methyl acetate in the TGA-MS experiment. However, the 
other major expected decomposition product, 1-ethylimidazole, was not observed. To 
monitor the formation of 1-ethylimidazole and other decomposition products, a neat 
sample of 3a was heated to 120 °C for 12 hours in a sealed, thick-walled NMR tube. A 1H 
NMR spectrum was recorded at 30 minute intervals. The high-temperature 1H NMR ex-
periment was performed unlocked, and in the absence of any NMR solvent. Therefore, to 
determine the chemical shifts of the ionic liquid and decomposition product peaks, two 
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separate control NMR spectra were obtained, whereby to pure [C2C1im][OAc] had been 
deliberately added a small quantity of an anticipated decomposition product, either 1-
methylimidazole or 1-ethylimidazole. This provided accurate chemical shift references for 
these two compounds in an environment surrounded by ionic liquid ions. A DMSO-d6 
capillary was inserted and used as a reference in each control.  
      
During the 12-hour experiment, no additional peaks were observed. It is possible that the 
broadened ionic liquid peaks engulfed the decomposition product peaks, or that the de-
composition products were partially in the gas phase. However, upon cooling 3a to room 
temperature, new peaks not present in the ionic liquid prior to the high-temperature ex-
periment were observed in the 1H NMR spectrum (Fig. 4.14).  
 
Several peaks in the region 7.4 - 6.1 ppm were observed at approximately 1 - 2 % of the 
integration of the ionic liquid aromatic peaks. The chemical shifts of these aromatic peaks 
matched the neutral heterocyclic molecules 1-methylimidazole and 1-ethylimidazole (Fig. 
4.14a). In addition, a triplet peak was observed at 0.69 ppm, which has been assigned to 
the terminal -CH3 unit of the ethyl chain of 1-ethylimidazole (Fig. 4.14b). A considerably 
smaller peak was observed for the aliphatic methyl group of 1-methylimidazole. This 
lends evidence towards an SN2 nucleophilic substitution reaction occurring at both of the 
alkyl substituents of the 1-ethyl-3-methylimidazolium cation (mechanisms B and C, Fig. 
4.11), but predominantly at the less hindered methyl substituent. 
 
 
  
(a)              (b) 
 
Fig. 4.14   Expanded regions of the 1H NMR spectrum of [C2C1im][OAc], 3a, at room temperature, 
after the 12 h experiment at 120 °C. (a) New aromatic peaks were observed in the region 7.4 - 6.1 
ppm, which were assigned to 1-alkylimidazole thermal decomposition products. (b) A triplet peak 
was observed at 0.69 ppm; the chemical shift and splitting pattern indicate 1-ethylimidazole. 
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Subsequently, thermal decomposition of the fluoroalkyl carboxylate ionic liquids [C2C1im]-
[CF3CO2], 4, and [C2C1im][CHF2CO2], 5, was investigated using 1H and 19F NMR spectro-
scopy. Small samples (ca. 20 mg) of 4 and 5 were placed in 25 ml sealed glass pressure 
vessels, and were maintained at 100 °C for 18 hours before being allowed to cool to room 
temperature. Residues were dissolved in DMSO-d6 and 1H/19F NMR spectra recorded. 
      
The 19F NMR experiments did not reveal any fluorine-containing thermal decomposition 
products for either ionic liquid 4 or 5. Two expected decomposition products from the 
anion decarboxylation of 4 are CHF3 and CO2, which are both gaseous products (Fig. 
4.12c). Therefore, if formed, these thermal decomposition products would have escaped 
when the pressure tubes were opened. Moreover, CO2 is very likely to be present as a 
dissolved gas in the ionic liquid prior to heating, and so cannot easily be distinguished as 
a thermal decomposition product. The high Tonset value for [C2C1im][CHF2CO2], 5 (263 ± 2 
°C) may explain why no fluorine-containing products were observed for this ionic liquid 
after the 18-hour 100 °C heating period. 
      
By contrast, small peaks were observed in the 1H NMR spectra for 4 that were not 
present in the pure ionic liquid before commencing the experiment. These peaks, at 7.18, 
6.87 and 3.64 ppm, were subsequently assigned to the C4, C5 and -CH3 protons on the 
neutral heterocycle 1-methylimidazole, by comparing the spectrum of 4 after the heating 
period against a reference 1H NMR spectrum of 1-methylimidazole in DMSO-d6. These 
1H and 19F NMR results are compatible with the previous observation which indicated that 
[C2C1im][CF3CO2], 4, undergoes decomposition via an anion-centred decarboxylation 
mechanism (mechanism E, Fig. 4.11). Therefore, it is likely that the CF3- anion, generated 
by the decarboxylation mechanism, then abstracts a β-proton from the ethyl substituent 
on the [C2C1im]+ cation by means of an E2-type mechanism, generating the observed 1-
methylimidazole product. 
      
Smaller peaks were observed at the same chemical shifts in the 1H NMR of 5, following 
the 18-hour heating period at 100 °C, indicating that a very small quantity of 1-methyl-
imidazole had also been generated from the thermal decomposition of this ionic liquid. 1-
methylimidazole was not employed at any stage of the synthesis of compounds 4 and 5, 
therefore it cannot be regarded as a synthetic impurity. 
 
4.4   The influence of water content on [C2C1im][OAc] thermal stability 
 
In each of the above-described instances, kinetic, thermodynamic or mechanistic data is 
being evaluated for the neat ionic liquid, that is, as far as possible in the absence of other 
dissolved salts, neutral species or diluents. When considering applications, however, it is 
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unusual for the ionic liquid to be the sole component of the system. When employed as 
solvents for sustainable synthetic processes, the reactivity of the ionic liquid with reagents 
and catalysts must not be overlooked. There is potential for ionic liquid thermal stability to 
be hindered, or indeed bolstered, by the inclusion of other species into the mixture.   
 
Water is a ubiquitous and often unavoidable contaminant of ionic liquids. Finding its way 
into ionic liquids as a residue from the synthesis, and via moisture absorption from the 
atmosphere by hygroscopic liquids, water can be persistent and troublesome to remove. 
The tolerable quantity of water is dependant on the intended application; in electrolytic or 
cellulose dissolution applications, water must be rigorously excluded.53,54 
 
Following the investigation into thermal stabilities of pure dialkylimidazolium and trialkyl-
imidazolium carboxylate ionic liquids with a particular emphasis on [C2C1im][OAc], 3, and 
[C2C1C12im][OAc], 14, the impact of water content on stability was examined for liquid 3c.  
 
Small aliquots (1.0 ± 0.2 g) of salt 3c were either dried under high vacuum or deliberately 
wetted with deionized water until five samples, of molar proportion water χ H2O (t0) = 0.04 
(the lowest H2O content achievable once samples had been measured into tubes) to 0.79 
were prepared (Table 4.3). Samples were sealed into thick-walled glass pressure tubes, 
and were heated to 140 °C for 24 hours. Subsequently, the samples were investigated by 
1H NMR spectroscopy to examine the quantities and identities of thermal decomposition 
products, and water contents were re-measured (‘t24’). At 140 °C, water content cannot 
be explicitly controlled, but is quoted as the range imposed by t0 and t24 values. All experi-
ments were performed in purposefully darkened conditions. 
 
 
 
Table 4.3   Data table of water contents and observed quantities of the zwitterionic [C2C1im+-CO2-] 
adduct for samples of [C2C1im][OAc], 3c, at 0 hours (t0) and 24 hours (t24) heating at 140 °C. 
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Fig. 4.15   Expanded aromatic region of the 1H NMR spectrum of [C2C1im][OAc], 3c (χ H2O = 0.04 - 
0.08), heated to 140 °C for 24 hours. The assigned thermal decomposition products are displayed. 
 
 
 
 
 
Fig. 4.16   Concentrations of zwitterionic compound [C2C1im+-CO2-], 1-ethylimidazole (C2im), and 1-
methylimidazole (C1im) decomposition products evolved from samples of [C2C1im][OAc], 3c, with 
varying water molar proportion, χ, after heating to 140 °C for 24 hours. 
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Following the 24 hour heating period at 140 °C, it was apparent that significant darkening 
of each sample had occurred, accompanied by a relatively pungent acetic odour. 1H NMR 
spectra, obtained for the samples at t24, revealed a spread of new small peaks, absent in 
the spectrum of starting material [C2C1im][OAc], 3c. Most apparent was a pair of aromatic 
doublet peaks, slightly upfield of the parent [C2C1im]+ C4 and C5 peaks (Fig. 4.15). These 
peaks were more pronounced in the samples of lower water content. Comparison of the 
chemical shifts, δ, and splitting patterns of these peaks indicated the zwitterionic species 
1-ethyl-3-methylimidazolium-2-carboxylate, [C2C1im+-CO2-] first observed by Rogers and 
co-workers via the reaction of the ‘non-innocent’ N-Heterocyclic Carbene (NHC) form of 
[C2C1im][OAc] with carbon dioxide, CO2; the two doublet peaks at 7.66 and 7.59 ppm in 
the 1H NMR correspond to the C4 and C5 aromatic protons of this compound (Fig. 4.15). 
 
Strikingly, the observed quantity of this zwitterionic decomposition product, following the 
heating period, diminished greatly as χ H2O of the sample increased (Fig. 4.16); at χ H2O 
= 0.04 - 0.08 (one molecule of H2O per > 11 ionic liquid ion pairs), the measured quantity 
of [C2C1im+-CO2-] was 5.4 ± 0.2% the integration of the parent [C2C1im]+ cation. By con-
trast, when χ H2O = 0.51 - 0.44 (approximately one water molecule per ionic liquid ion 
pair), the thermal decomposition behaviour of the sample alters dramatically, greatly sup-
pressing formation of the zwitterion to just 2.3 ± 0.3% of [C2C1im]+. It therefore appears 
that water acts to suppress formation of the NHC, capable of reaction with solvated CO2 
to form the zwitterion. The higher water content accounts for the lower observed amounts 
of [C2C1im+-CO2-]. 
 
The source of the CO2 is not immediately obvious; its presence could be explained by the 
residual quantity of dissolved gas in the sample, or else could arise via direct reaction of 
the acetate anion, itself containing a ‘CO2’-like carboxylate moiety. In order to investigate 
this hypothesis, an additional sample was prepared, as for the aforementioned described 
experiments, but with the inclusion of an additional two-hour degassing step whereby N2 
was bubbled through the sample to displace CO2. Subsequent heating and analysis of 
this sample demonstrated a substantial decrease in observed quantity of the zwitterionic 
species, from 5.7 ± 0.4% down to 1.2 ± 0.2% (Table 4.3). This strongly suggests that the 
majority of zwitterion molecules are derived from residual CO2 gas dissolved in the ionic 
liquid, perhaps unsurprising given the demonstrated high solubility of this atmospheric 
gas in carboxylate ionic liquids.17,55,56 This observation corroborates both with a large 
body of previous literature,17,18 and also with the temperature-ramped TGA experiment 
employing CO2 as a flow gas (Fig. 4.5), whereby a noticeable mass gain occurs.  
 
In addition to [C2C1im+-CO2-], the formation of the expected SN2 nucleophilic substitution 
products, 1-ethylimidazole and 1-methylimidazole, was monitored. Interestingly, the yield 
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of each 1-alkylimidazole product, at ≤ 1.2% the integration of the parent [C2C1im]+ cation, 
was substantially lower than would be predicted from the isothermal TGA analysis at this 
temperature of 140 °C, at each water content. Furthermore, the precise quantities of the 
SN2 products appear largely independent of the water content. Crucially, this investigation 
into the impact of water content employs sealed pressure tubes, in direct contrast to the 
open, unsealed platinum crucibles of the TGA experiments. The heightened pressure of 
the sealed glass tubes is likely to play a key role in suppressing the formation of greater 
quantities of 1-ethylimidazole and 1-methylimidazole. Additionally, pressure may facilitate 
reversible SN2 mechanisms, re-generating a ‘scrambled’ mixture of [C2C1im]+, [C1C1im]+ 
and [C2C2im]+ acetates, in a similar fashion to the observation by Rinaldi and co-workers 
for [C4C1im]Cl.37 Such reversible mechanisms yield no loss of mass, and so are invisible 
to thermogravimetric techniques. 
 
Though both small, the observed quantities of 1-ethylimidazole always exceeded those of 
1-methylimidazole, in direct agreement with the TGA-MS and high-temperature 1H NMR 
investigations (Fig. 4.13a and Fig. 4.14, respectively), highlighting favourable nucleophilic 
attack at the less hindered cation methyl substituent. 
 
Thus, the investigation into carboxylate ionic liquid thermal stabilities under varying water 
contents highlighted several interesting phenomena. Under largely ‘anhydrous’ conditions 
where water molecules are substantially outnumbered by ionic liquid ion pairs, formation 
of a prominent zwitterion species, [C2C1im+-CO2-], is observed. The concentration of this 
zwitterion is significantly depressed with increasing molar contribution from water, χ H2O, 
in the sample. Reactive CO2 is present primarily as residual dissolved gas, demonstrated 
by the reduction in zwitterion quantity following thorough degassing. 
 
Moreover, applying temperatures of 140 °C to the liquid under closed conditions, where a 
pressure build up is likely, reduces the quantity of SN2 decomposition products relative to 
the predicted amounts from isothermal TGA analysis in open conditions. Hence, it would 
appear that ionic liquid thermal stability is improved under these sealed and largely water-
free conditions. 
 
Above anything else, the results highlight the crucial impact of experimental conditions on 
thermal stabilities and prevailing degradation mechanisms of archetypal carboxylate ionic 
liquid, 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc], 3c, and like compounds. 
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4.5   Concluding remarks 
 
Thermal stabilities of carboxylate-anion ionic liquids were evaluated employing a broad 
range of thermal and analytical laboratory techniques. Of utmost importance towards any 
application using and recycling ionic liquids at elevated temperatures, long-term stabilities 
were investigated; the archetypal liquid 1-ethyl-3-methylimidazolium acetate, and the C2-
methylated analogue, were analysed using isothermal TGA analysis in order to elucidate 
Arrhenius parameters. Strikingly, the long-term stability of [C2C1im][OAc], a now preferred 
choice in biomass deconstruction procedures, is considerably lower than had previously 
been thought. This knowledge is of significant worth to the industrial or academic chemist 
designing an experiment employing this exact, or a similar, ionic liquid. Furthermore, bio-
mass procedures will need to be modified in light of these insights. 
 
However, the impact of various experimental conditions on thermal stability and prevailing 
decomposition mechanisms is of equivalent importance; evidently, the chemical structure 
and substitution of heteroatoms of the anion, the open/closed nature of the system, and 
the presence of additional dissolved species or diluents (in particular water and dissolved 
CO2 gas) act as key determinants. The predominance of one decomposition mechanism 
over another hinges upon the precise chemical environment in which the ionic liquid is lo-
cated; irreversible SN2 mechanisms, and the ‘non-innocent’ behaviour generating a tran-
sient NHC species, are both key, and subsequent chapters will explore this further. 
 
Overall, a comprehensive investigation of this type offers crucial physical underpinnings 
towards subsequent investigations into complex ionic liquid-containing systems. 
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Chapter 5 
Interactions and Stability of Carboxylate Ionic Liquids:  
a computational perspective 
 
 
Experimental techniques offer valuable insights into the thermal stabilities of carboxylate 
ionic liquids. Computational chemistry represents a powerful technique for understanding 
and augmenting these findings. 
 
Density Functional Theory (DFT), implemented through the ‘Gaussian’ suite of programs, 
allows geometry optimisation and thus calculation of energies of minima structures, for 
‘clusters’, e.g. ion pairs (one cation, one anion) and ‘ion pair dimers’ (two cations and two 
anions) that are sufficiently large to recover many of the key structural motifs prevalent in 
the bulk ionic liquid. For systems of this size, DFT calculations achieve a high degree of 
accuracy whilst not expending too great a computational cost. Ion pair calculations of this 
type provide valuable information about the preferred interaction sites of the carboxylate 
anion around the cation and offer a restricted indication of the prevalent intermolecular 
interactions of the ionic liquid ions. 
 
DFT calculations allow for the energies and vibrational modes of transition states, relating 
to chemically plausible thermal decomposition mechanisms, to be quantified. Employing 
this information, reaction profiles can be constructed and activation barriers obtained. 
Calculated values of activation energy, ΔGactivation, can be contrasted with those obtained 
experimentally, Ea. Mechanisms with a calculated transition state energy in the proximity 
of the experimental value are likely occurring during ionic liquid thermal degradation. 
 
Finally, the so-called ‘non-innocent’ nature of the carboxylate ionic liquid 1-ethyl-3-methyl-
imidazolium acetate, [C2C1im][OAc], its tendency to form N-Heterocyclic Carbene (NHC) 
species by abstraction of the C2 proton, can be explored by computational techniques. 
 
In this chapter, DFT has been employed to investigate each of these described properties 
of ionic liquids [C2C1im][OAc] and [C2C1C12im][OAc]. All calculations in this section were 
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performed at the B3LYP-D/6-311++G(d,p) level of theory, unless otherwise stated.1-3 Full 
computational details are described in chapter 3 Methods, and chapter 8 Procedures. 
 
5.1   Ion pair interactions 
 
Initially, the ion pair structuring of the two central carboxylate ionic liquids, [C2C1im][OAc] 
and [C2C1C12im][OAc], was investigated. Cation and anion structures were first optimised 
separately, before placing the acetate anion in chemically sensible locations proximal to 
the [C2C1im]+ or [C2C1C12im]+ cation and performing calculations to locate energy minima. 
 
Before discussing precise ion pairing, it is sensible to establish a naming convention to 
refer to the distinct conformers. Herein, a nomenclature is employed whereby the position 
of the anion is denoted foremost by its locality to the ‘Front’ of the imidazolium ring (close 
interaction with C2 proton and neighbouring functionality), the ‘Back’ of the ring (proximal 
to the C4 and C5 ring positions), or the ‘Side’, ‘Top’ or ‘Bottom’ of the ring. Top and 
Bottom structures are differentiated by reference to whether the ethyl group is pointing to 
or away from the acetate anion, respectively. Conformers at the Front, Back and Side 
positions are defined by their close interactions with either the N-methyl or N-ethyl 
substituents. Diagrams demonstrating ion pair nomenclatures for [C2C1im][OAc] and 
[C2C1C12im][OAc] are shown in Figs. 5.1 and 5.4, respectively. 
      
Low energy ion pair conformers of [C2C1im][OAc] and [C2C1C12im][OAc] are highlighted in 
Figures 5.3 and 5.6, respectively, Tables 5.1 and 5.2 summarise the ∆G, ∆E (BSSE and 
ZPE corrected), ∆H, T∆S, ∆ZPE and BSSE energies of the ion pair conformers. The NBO 
charges for lowest energy ion pairs of [C2C1im][OAc] and [C2C1C12im][OAc] are presented 
(Figs. 5.2 and 5.5, respectively). 
 
The results suggest that the acetate anion is preferentially located approximately in the 
plane of the imidazolium ring, in agreement with previous studies on this ionic liquid.4-6 
The preferred acetate anion sites for conformers of [C2C1im][OAc] resemble those pre-
viously determined for 1-butyl-3-methylimidazolium chloride, [C4C1im]Cl7-10 (ion pair con-
formers of [C4C1im]Cl were used to predict those of [C2C1im][OAc]). Whereas the chloride 
anion is monoatomic, acetate can bind through the two oxygen atoms of the carboxylate 
group. As a result, the low energy ‘Front’ conformers are more centralised, with acetate 
binding both to the C2 proton and α-/β-protons on the methyl/ethyl sidechains. In the front 
and back ion pair conformers, both oxygens of acetate remain essentially in the plane of 
the ring, whereas for top and side conformers the acetate lies out of the plane of the ring. 
The two distinct ‘Side Ethyl’ conformers are denoted ‘up’ (acetate and ethyl both above 
the plane of the ring) and ‘down’ (acetate and ethyl on opposite sides of the ring).  
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Fig. 5.1   Schematic diagram representing the low energy ion pair conformers of ionic liquid 1-ethyl-
3-methylimidazolium acetate, [C2C1im][OAc]. 
 
 
Table 5.1   Relative ion pair energies for 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc]. 
 
 
 
 
 
 
	  	  	  	  	  	  	  	  	  	    
 
 
Fig. 5.2   Atomic numbering scheme and ‘Natural Bonding Orbital’ (NBO) charges for the lowest 
energy ‘Front Methyl + Ethyl’ ion pair conformer of [C2C1im][OAc]. 
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Fig. 5.3   Stable ion pair geometries of [C2C1im][OAc]. ∆G energies are displayed beneath each 
conformer, relative to the lowest energy ‘Front Methyl + Ethyl’ geometry. 
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Fig. 5.4   Schematic diagram representing the low energy ion pair conformers of ionic liquid 1-ethyl-
2,3-dimethylimidazolium acetate, [C2C1C12im][OAc]. 
 
 
Table 5.2 Relative ion pair energies for 1-ethyl-2,3-dimethylimidazolium acetate, [C2C1C12im][OAc]. 
 
 
 
 
 
 
  
 
 
 
Fig. 5.5   Atomic numbering scheme and ‘Natural Bonding Orbital’ (NBO) charges for the lowest 
energy ‘Top Methyl 1’ ion pair conformer of [C2C1C12im][OAc]. 
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Fig. 5.6   Stable ion pair geometries of [C2C1C12im][OAc]. ∆G energies are displayed beneath each 
conformer, relative to the lowest energy ‘Top Methyl 1’ geometry. 
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The lowest energy ion pair conformer of [C2C1im][OAc] (Fig. 5.3) is the ‘Front Methyl + 
Ethyl’ structure, similar to that reported by Hollóczki et al.4 For this conformer, the ethyl 
chain rotates forward in order to bind to the acetate anion through a β-proton. Two other 
‘Front’ conformers, ‘Front Methyl’ and ‘Front Ethyl’ (Table 5.1), are approximately 3-4 kJ 
mol-1 higher in energy, and lack this interaction with the ethyl β-proton. This very minor 
calculated energy difference of < 4 kJ mol-1 falls below the error associated with the DFT 
calculations, and therefore each of the ‘Front’ structures must be regarded as essentially 
degenerate. Nevertheless, the optimised ‘Front Methyl + Ethyl’ conformer is used as the 
basis for constructing subsequent thermal decomposition reaction profiles. 
 
A ‘Top’ ion pair structure was obtained, whereby the acetate anion lies above the plane of 
the imidazolium ring, approximately 11 kJ mol-1 higher in energy than the lowest energy 
‘Front Methyl + Ethyl’ structure. Attempts to optimise the top conformer at the B3LYP/6-
311++G(d,p) level of theory were unsuccessful, indicating that the inclusion of dispersion 
interaction is necessary for locating this ion pair geometry. 
      
In previous investigations, Bowron and co-workers observed a high probability of the 
acetate anion lying in the plane of the imidazolium ring for [C2C1im][OAc], which resulted 
in a decrease in anion density above and below the ring.5 This predominant interaction of 
acetate in the plane of the ring left the top and bottom of the ring structure sterically un-
hindered, rendering cation-cation π-stacking possible. In this contribution, for all located 
Front ion pair conformers acetate lies approximately co-planar with the imidazolium ring, 
and in no circumstance was the anion found to be out of the ring plane; by contrast, for 
the distinct Top structure, acetate is approximately perpendicular to the ring. 
      
In a recent molecular dynamics study, Brehm and co-workers investigated the preferred 
location of acetate relative to the [C2C1im]+ cation, by examining the angle between the 
ring normal vector and the connecting line from the centre of the ring to the position of the 
acetate carboxylate carbon atom.11 Their results indicated that in the neat liquid acetate is 
largely associated with the plane of the ring (angle approximately 90°), in agreement with 
our ion pair calculations where this angle lies within 90 ± 10°. However, their results also 
showed some probability of the acetate anion being located out of the ring plane by up to 
approximately 30°.  
 
To this end, a sample of dimer structures for [C2C1im][OAc] (stable geometries involving 
two cations and two anions) were investigated. Structures were optimised as for the ion 
pairs, at the B3LYP-D/6-311++G(d,p) level of theory. Although our calculations have not 
yet yielded an exhaustive list of dimer structures, the results do indicate the possibility of 
the acetate anions being located out of the plane of the imidazolium rings. An example of 
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an optimised dimer structure is displayed in Figure 5.7. In this example, the acetate anion 
sits approximately midway between the two π-stacked rings. This explains the large ‘out-
of-plane’ angle, 52°, consistent with the findings of Brehm and co-workers.11 Furthermore, 
the results indicate that single ion pair conformers (one cation and one anion), though 
useful in offering a simplified impression of ionic liquid structuring, may not recover all im-
portant structural motifs; interactions associated with π-stacking of two aromatic rings, or 
‘bridging’ anion effects, are lost when reducing calculations on the bulk liquid down to a 
over-simplified ion pair. Recent investigations by Hunt and co-workers have highlighted 
this necessity to consider larger ‘clusters’ to gain a fuller understanding of the prevailing 
ionic liquid structural interactions.12  
 
Conformational analysis of the ethyl side chain was performed for the low energy ‘Front 
Methyl + Ethyl’ and ‘Top’ ion pair conformers of [C2C1im][OAc]. In each case, the C2-N-
Cα-Cβ dihedral angle was rotated in increments of 30°, and all other coordinates were op-
timised. The change in energy and structure of the ion pair was recorded as a function of 
the dihedral angle. Graphs representing the conformational analysis around the ‘Front 
Methyl + Ethyl’ and ‘Top’ conformers are displayed below (Fig. 5.8).  
 
 
 
(a)                                         
 
 (b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	    
 
 
Fig. 5.7   Diagrams representing a low-energy dimer structure for [C2C1im][OAc], demonstrating the 
angle between an imidazolium ring normal vector and the line between the centre of the ring and an 
acetate carboxylate carbon atom. Hydrogen atoms are omitted for clarity. 
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The structure of the front ion pair was largely unchanged upon rotation of the ethyl chain, 
with the interactions between the acetate anion and the C2 proton and methyl α-proton 
remaining intact. Small rotational energy barriers of < 10 kJ mol-1 were observed for ethyl 
rotation of the ‘Front’ conformer. This small rotational barrier, even with the interaction of 
the acetate anion in the favoured ‘Front’ position suggests a high degree of flexibility of 
the ethyl chain in the bulk liquid, possibly inhibiting π-stacking interactions of adjacent 
imidazolium rings. For the Top ion pair conformer, rotation of the ethyl chain carried the 
acetate anion towards the front of the imidazolium ring, giving structures almost identical 
to the ‘Front Methyl’ and ‘Front Methyl + Ethyl’ minima. This implies that the ‘Top’ ion pair 
conformer is less tolerant of the position of the ethyl side chain, requiring it to be pointing 
upwards in order to maintain such an out-of-plane minimum; relatively free rotation of the 
ethyl substituent disrupts and disfavours this Top ion pair. 
 
The ionic liquid 1-ethyl-2,3-dimethylimidazolium acetate, [C2C1C12im][OAc], incorporates 
a methyl substituent in place of the C2 proton of [C2C1im][OAc]; thus, no equivalent stable 
‘Front’ ion pair conformers can be located. Instead, the low energy conformers are ‘Top’ 
and ‘Bottom’ structures, whereby the acetate anion sits above or below the plane of the 
imidazolium ring. These out-of-plane structures seem to be favoured via close hydrogen-
bonding of the acetate anion with α-protons of the three adjacent ring atoms bearing alkyl 
substituents, N1-CH2CH3, C2-CH3 and N3-CH3 (Fig. 5.6). 
 
Four distinct ‘Top’ and ‘Bottom’ optimised structures were located, yet must be regarded 
as essentially degenerate with calculated relative energies within a 6 kJ mol-1 range. The 
‘lowest energy’ ion pair structure obtained (Fig. 5.6) involves an H-bond interaction of the 
acetate anion with protons on the C2 methyl substituent and α-protons on both the methyl 
and ethyl side chains. The ethyl side chain is rotated almost into the plane of the ring to 
facilitate this interaction. 
 
Therefore, optimisation of stable ion pair conformers offers valuable insights into structure 
and bonding behaviour for carboxylate ionic liquids [C2C1im][OAc] and [C2C1C12im][OAc]. 
Larger clusters of ions, for example ion pair dimers, recover a greater number of bonding 
motifs (e.g. π-stacking and bridging anions) likely to be present in the macroscopic ionic 
liquid. In some circumstances single ion pairs will be an oversimplification. A compromise 
between accuracy and computational cost must be decided upon. When considering the 
optimisation of decomposition transition states in the following section (whereby studying 
ion pair dimers would introduce an unmanageable number of structural variables), simple 
ion pairs represent a sensible energy ‘ground state’ and provide a reasonable first level of 
insight for the degradation processes. 
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(a)      
 
(b)    
 
Fig. 5.8   Conformational analysis of the C2-N-Cα-Cβ dihedral angle (ethyl side-chain) of 1-ethyl-3- 
methylimidazolium acetate, [C2C1im][OAc], for stable ion pair conformers: (a) ‘Front Ethyl + Methyl’; 
(b) ‘Top’. The global minima from (a) and (b) correspond to nearly identical structures. 
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5.2   Thermal decomposition transition states: SN2 and E2 
      
Following on from the investigation into ion pair interactions of carboxylate ionic liquids, 
chemically plausible thermal decomposition mechanisms of the two central compounds, 
[C2C1im][OAc] and [C2C1C12im][OAc], were explored using DFT.  
 
The thermal decomposition routes under investigation are equivalent to those defined in 
the previous chapter (Fig. 4.11), and are summarised below in Figure 5.9, denoted A, B, 
C, D as before and ‘1’ or ‘2’ to refer to [C2C1im][OAc] and [C2C1C12im][OAc], respectively. 
Likely decomposition mechanisms include the SN2 attack of the acetate anion at either 
the N-methyl (B1 and B2) or N-ethyl (C1 and C2) substituents on the imidazolium cation, 
or the E2 Hofmann elimination mechanism (D1 and D2) occurring at the ethyl substituent.  
 
 
(a)       
 
 
(b)       
 
 
Fig. 5.9   Investigated thermal decomposition mechanisms of (a) [C2C1im][OAc], (A1-D1) and (b) 
[C2C1C12im][OAc], (A2-D2). 
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The decomposition mechanisms at the C2 position (mechanisms A1 and A2) are greatly 
different for the two acetate ionic liquids; for [C2C1im][OAc], the formation of an NHC is 
possible, whereby the C2 proton is removed by the basic acetate anion (mechanism A1). 
For [C2C1C12im][OAc], the carbene-forming mechanism is not possible. Instead the basic 
acetate anion may remove a proton from the C2 methyl substituent, generating acetic ac-
id and the neutral species, 1-ethyl-3-methyl-2-methylene-2,3-dihydroimidazole (A2). 
 
Thermal decomposition reaction profiles have been studied using the lowest energy ion 
pairs of [C2C1im][OAc] and [C2C1C12im][OAc], (‘Top Methyl + Ethyl’ and ‘Top Methyl 1’, 
respectively), as a ‘ground state’ energy. The respective SN2 and E2-type decomposition 
mechanisms (B1-D1, B2-D2) are analogous for the two acetate ionic liquids, and are 
therefore discussed first. The decomposition mechanisms at the C2 position (A1 and A2) 
are less trivial, and are discussed separately shortly. The transition state structures for 
mechanisms B1-D1 and B2-D2 are shown in Figures 5.10 and 5.11, and the relevant ΔE, 
ΔG, ΔH and TΔS energies are displayed in Tables 5.3 and 5.4. 
 
For both acetate ionic liquids, ΔHactivation energies for the two SN2 nucleophilic substitution 
mechanisms are approximately 20 kJ mol-1 lower than for the E2 elimination mechanism 
(Tables 5.3 and 5.4). In addition, the calculated ΔHactivation energies for the SN2 mechan-
isms are 15 - 24 kJ mol-1 higher than the experimentally determined Ea values from the 
isothermal TGA experiments (Ea = 116 kJ mol-1 for [C2C1im][OAc], Ea = 100 kJ mol-1 for 
[C2C1C12im][OAc]). The previous TGA-MS investigation (Figs. 4.12 and 4.13) suggested 
that SN2 attack occurs predominantly at the methyl substituent of the cation, however the 
calculations find little difference in the activation barriers for attack at the N-methyl and N-
ethyl substituents. These results indicate that there is no inherent large energetic differ-
ence between these reactions, and therefore that steric effects are most likely respons-
able for the comparatively facile reactivity at the N-methyl substituent. Despite a demon-
strated low-energy rotation of the ethyl substituent (< 10 kJ mol-1, Fig. 5.8), which in prin-
ciple could enable flexible rearrangement to obtain the transition state, the additional ster-
ic bulk imparted by the β-methyl unit appears to block reaction at this N-ethyl position. 
      
The DSC investigation of [C2C1im][OAc] and [C2C1C12im][OAc] indicated that thermal 
decomposition was an endothermic event (ΔHdecomposition = +51.7 and +18.0 kJ mol-1, res-
pectively, Fig. 4.10). By contrast, our gas phase calculations suggested that the ΔHproduct-
reactant was close to zero for all SN2 mechanisms. However, the DSC experiments involve 
both thermal decomposition of the ionic liquid and an associated phase change of the 
decomposition products from the liquid to the gas phase; hence, DSC ‘ΔHdecomposition’ val-
ues will incorporate both decomposition and vaporisation enthalpy terms. 
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Fig. 5.10  Transition states for [C2C1im][OAc] representing the SN2 nucleophilic substitution (B1 and 
C1) and E2 Hofmann elimination (D1) mechanisms. Atomic distances are labeled in angstroms (Å). 
Dashed green lines denote apparent hydrogen-bonding interactions. 
 
 
Table 5.3   Transition state (TS) and product energies for SN2 (B1, C1) and E2 (D1) mechanisms of 
[C2C1im][OAc], relative to the lowest energy ‘Front Methyl + Ethyl’ ion pair conformer. 
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Fig. 5.11  Transition states for [C2C1C12im][OAc] representing SN2 nucleophilic substitution (B2 and 
C2) and E2 Hofmann elimination (D2) mechanisms. Atomic distances are labelled in angstroms (Å). 
Dashed green lines denote apparent hydrogen-bonding interactions. 
 
 
Table 5.4   Transition state (TS) and product energies for SN2 (B2, C2) and E2 (D2) mechanisms of 
[C2C1C12im][OAc], relative to the lowest energy ‘Top Methyl 1’ ion pair conformer. 
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Differences in ΔHproduct-reactant values from the gas phase calculations and the ΔHdecomposition 
values obtained from DSC experiments give an indication as to the magnitude of ΔHvap 
associated with the vaporisation of neutral thermal decomposition products, foremost the 
ester and 1-alkylimidazole products evolving from SN2 mechanisms. ΔHproduct-reactant values 
derived from the gas phase calculations are extremely small (≤ ± 6 kJ mol-1, Tables 5.3 
and 5.4), negligible when considering the associated error of the calculations. Hence, it is 
likely that a large contribution to the endothermic ΔHdecomposition values, obtained from the 
DSC study, arise from endothermic volatilisation of the neutral decomposition products. 
The ΔHvap values for methyl acetate and 1-ethylimidazole are 33 ± 4 and 66 ± 4 kJ mol-1, 
respectively.13 These more than account for the endothermic experimental ΔHdecomposition 
value. It must also be recognised that results listed in Tables 5.3 and 5.4 correspond to 
gas phase calculations, and therefore do not make attempts to account for solvation 
effects. Therefore, differences in the stabilities of charged ionic liquid ions relative to the 
neutral thermal decomposition products, when solvated, must be considered. 
 
Nevertheless, even excluding a Polarisable Continuum Model (PCM) or similar method to 
include solvation effects, the DFT calculated ΔHactivation values correlate reasonably well 
with the experimentally determined values of Ea, for the two investigated carboxylate ionic 
liquids, [C2C1im][OAc] and [C2C1C12im][OAc]. Moreover the calculations are in agreement 
with the predominance of energetically-favoured nucleophilic (SN2) rather than basic (E2) 
action of acetate in each circumstance, whereby ΔΔHactivation values of 17 - 24 kJ mol-1 
between the two mechanism types were found. 
 
5.3   N-Heterocyclic Carbenes: gas and liquid phase 
 
The potential formation of N-Heterocyclic Carbene (NHC) species in dialkylimidazolium 
ionic liquids is now widely recognised.4,14-22 This phenomenon has been exploited in cata-
lytic applications.23 In the case of [C2C1im][OAc], removal of the C2 proton by the basic 
acetate anion would generate acetic acid and the NHC species, 1-ethyl-3-methylimidazol-
2-ylidene (mechanism A1, Fig. 5.9). A stable minimum exists involving the interaction of 
acetic acid and the NHC, which is referred to here as the ‘Carbene-Acid Pair’ (CAP).  
 
Hollóczki and colleagues performed DFT calculations on the ion pair and CAP structure 
of [C2C1im][OAc] using a range of computational functionals and basis sets, and found 
that in each case the energy difference is less than 20 kJ mol-1.4 Their calculations in-
dicated that the C2 proton is very labile in the gas phase. Moreover, mass spectrometry 
experiments appeared to indicate the presence of acetic acid (m/z 60) and the isolated 
carbene species (m/z 110) as decomposition products of [C2C1im][OAc] in the gas phase.  
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Fig. 5.12   Gas phase ‘Front Methyl + Ethyl’ ion pair, transition state and Carbene- Acid Pair (CAP) 
structures for N-Heterocyclic Carbene (NHC) formation in [C2C1im][OAc], mechanism A1. Bond 
distances are in angstroms. 
 
 
 
In our investigation, structures relating to the NHC decomposition route for prototypical 
carboxylate ionic liquid [C2C1im][OAc] (A1) were optimised, and are shown in Figure 5.12. 
 
Examining the structures, the C2-O(acetate) distances, displayed in blue, are not exactly 
equal to the sum of the C2-H and O-H distances because of the slightly non-linear bond 
angles. The ‘shuttling’ of the proton between the C2 ring position and the acetate anion in-
volves contraction of the C2 - O(acetate) distance in the transition state (2.59 Å) relative 
to the ion pair (2.78 Å) and CAP (2.71 Å). SCF energies showed the TS to be lower in en-
ergy than the CAP product, at 0, 13 and 14 kJ mol-1 for the ion pair, transition state and 
CAP, respectively. When ZPE corrections were taken into account this effect was 
enhanced, at 0, 2 and 12 kJ mol-1 for the ion pair, transition state and CAP structures, 
respectively. These energies suggest that the transition state is lower in energy than the 
CAP, which is implausible; considering a transition state directly connecting two energy 
minima, the energy of the transition state cannot, by definition, be of lower energy than 
either minimum. 
However, the optimised transition state structure has a single large negative frequency of 
energy -728 cm-1/-8.7 kJ mol-1, and furthermore the ‘Intrinsic Reaction Coordinate’ (IRC) 
protocol was employed demonstrating that this transition state structure does link the ion 
pair and CAP. These observations confirm that the gas phase structure is a true transition 
state corresponding to this proton shift mechanism, A1. 
 
In order to understand why this true transition state falls at a lower energy than the CAP 
product, the structures in Figure 5.12 were investigated in further detail. The energy of 
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the transition state vibrational mode, Eν (9 kJ mol-1), is comparable to energy differen-ces 
between the ion pair, transition state and CAP in Figure 5.12 (< 12 kJ mol-1). The 
vibrational modes of the three structures were examined, and energies of the vibrations 
corresponding to O-H bond stretches were compared. These frequencies were found to 
be 2507 cm-1 for the ion pair, -728 cm-1 for the transition state and 2139 cm-1 for the CAP. 
Employing these values, ‘effective energies’ (Eeff) were calculated by subtracting the en-
ergy of the O-H vibrational mode, Eν, from the uncorrected energy of the optimised ion 
pair and CAP structures (Table 5.5). The relative magnitudes of these effective energies 
give a much more reasonable reaction profile for mechanism A1, with a transition state of 
higher energy than the ion pair and CAP. Altogether, the results suggest that presence of 
the NHC is highly probable in the gas phase.4 
 
Despite the known labile nature of the C2 proton of [C2C1im][OAc] in the gas phase, no 
strong evidence for an NHC decomposition pathway under inert conditions was observed 
in our experimental investigation. Acetic acid was observed as only a very minor product 
in the TGA-MS experiments (Fig. 4.13), and cannot be unambiguously sourced to the 
NHC decomposition route. Instead, the observed 1-alkylimidazole and alkyl ester primary 
decomposition products were indicative of SN2 nucleophilic substitution mechanisms. 
      
Recent ab initio Molecular Dynamics (AIMD) simulations, performed by Hollóczki and co-
workers, have indicated that several factors inhibit formation, and hence lower the equili-
brium concentration, of the NHC in the liquid phase.19,21 Most notably, a ‘charge-screen-
ing’ effect has been observed, with the result that ionic species are stabilised relative to 
neutral species in the ionic medium.19,24 
 
 
Table 5.5   ΔEZPE, ν, ΔEZPE + ν (‘ΔEeff’) and ΔESCF energies for the ion pair, transition state (TS) and 
Carbene-Acid Pair (CAP) structures relating to the NHC formation mechanism, A1, of 1-ethyl-3-
methylimidazolium acetate, [C2C1im][OAc]. 
 
 
 
 
a 
= C2-H stretch; 
b 
= TS vibrational mode; 
c 
= O-H stretch. 
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Fig. 5.13   Change in ΔE during the proton shift between the C2 carbon atom and the acetate 
oxygen atom (mechanism A1), in the gas phase, and with CPCM solvent environments of C6H6 (εr 
= 2.28), CH2Cl2 (εr = 8.93) and CH3OH (εr = 33.0). The C2-O distance, ‘y’, is fixed at 2.76 Å. 
 
 
 
To explore the ion pair-NHC equilibrium in the liquid phase, mechanism A1 was investi-
gated using DFT and a ‘Conductor-type Polarisable Continuum Model’ (CPCM).25 CPCM 
calculations were performed using a solvent environment of dichloromethane (CH2Cl2) or 
methanol (CH3OH); dielectric constant, εr, values for these two molecular solvents cover 
the range of typical ionic liquid dielectric constants (εr = 33.0 for CH3OH, εr = 8.93 for 
CH2Cl2).26 A non-polar solvent, benzene, was also included in the CPCM study (εr = 2.28 
for C6H6).26 
      
Optimisation proved difficult for both transition state and CAP structures using a CPCM 
environment; all calculations optimised to yield the ion pair structure, suggesting a very 
shallow potential energy surface. To explore the shape of the potential energy surface in 
the proximity of this C2 proton transfer mechanism, a series of scans using redundant 
coordinates were performed: the C2-O distance, ‘y’, was fixed at a value of 2.76 Å (the 
approximate distance in the optimised gas phase ion pair and CAP structures), and the 
O(acetate)-H distance was modified in increments of 0.05 Å. Relaxed scans were carried 
out under both gas phase and CPCM conditions (Fig. 5.13). Solvents of C6H6, CH2Cl2 
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and CH3OH were employed, to demonstrate the change in relative energies of the ion 
pair and CAP structures in a medium increasingly capable of stabilising an ionic solute. 
The fixed y coordinate prevents contraction of the C2-O bond, therefore the scans do not 
wholly represent the proton transfer process in mechanism A1. However, frequency ana-
lysis of the maximum structure in the gas phase redundant scan (Fig. 5.13) revealed the 
expected single negative vibrational mode corresponding to mechanism A1.  
 
The CPCM scans (Fig. 5.13) suggest that the energy of the ion pair is stabilised to a far 
greater extent than the neutral CAP and the transition state in a polarised medium. These 
results are in agreement with a previously observed ‘charge-screening’ effect.19, 24 In the 
gas phase scan, the CAP is approximately 8 kJ mol-1 higher in energy than the ion pair. 
Introducing a weakly polar solvent environment (εr = 2.28) lowers the ion pair energy by 
38 kJ mol-1 relative to the gas phase calculation, compared to approximately 17 kJ mol-1 
for the CAP. For the more polar solvent environment (εr = 33.0), the energy of the ion pair 
is lowered by approximately 73 kJ mol-1 relative to the gas phase calculation, and in con-
trast the energy of the CAP is lowered by only 32 kJ mol-1. Hence, transitioning from the 
gas phase to the bulk liquid, the energy difference between the charged ion pair and the 
neutral CAP becomes measurably greater. 
 
The potential energy surface is extremely shallow in the region of the CAP, with a small 
energy barrier for the reverse reaction to re-form the ion pair (ΔEactivation = < 2 kJ mol-1, 
CPCM calculation employing a CH3OH solvent, Fig. 5.13). Therefore because of the re-
versability of NHC formation (mechanism A1) in the liquid phase, the CPCM calculations 
for [C2C1im][OAc] may explain why the CAP is accessible and can be trapped with CO2,20 
yet is not observed as a major component of the ionic liquid decomposition vapour at high 
temperatures under inert (N2, He or compressed air) conditions. 
 
Furthermore, the results indicate that it may be possible to enhance the NHC equilibrium 
concentration by diluting the ionic liquid with a neutral non-polar solvent, because the 
‘charge-screening effect’ for an individual ion pair will be reduced. 
 
Subsequently, a series of scans were performed, with differing values of y (the distance 
between the C2-carbon and the acetate oxygen atom). This distance was fixed at a range 
of values between 2.4 and 2.8 angstroms (Å). The hydrogen atom was then moved in in-
crements of 0.05 Å, representing the transfer of the proton from the imidazolium ring to 
the acetate anion as before. Calculations were performed initially in the gas phase (Fig. 
5.14a), and then subsequently with a CPCM solvent environment (CH2Cl2, εr = 8.93, Fig. 
5.14b), yielding a pair of three-dimensional potential energy surface plots. 
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(a)               
 
 
(b)             
 
Fig. 5.14   3D energy surfaces for the proton transfer between the imidazolium C2 carbon atom and 
the acetate oxygen atom of [C2C1im][OAc] (mechanism A1): (a) gas phase calculations; (b) under a 
CPCM solvent environment of CH2Cl2, εr = 8.93. White lines represent the lowest energy pathways 
from the ion pair through the transition state to the CAP (critical points shown as green circles). 
Matthew T. Clough                                            Chapter 5 - Interactions and Stability of Carboxylate Ionic Liquids 
 157 
The gas phase scans (Fig. 5.14a) reveal small energy differences (< 10 kJ mol-1) be-
tween the ion pair and CAP structures for all values of the C2-O distance (y) in the range 
2.4 - 2.8 Å. As the C2-O distance is increased towards 2.8 Å, a stabilisation of the ion pair 
and an increase in the energy of the transition state barrier occurs. As the C2-O value 
decreases (< 2.6 Å), the energy difference between the ion pair and the CAP is reduced 
and a single shallow well is formed on the potential energy surface. At y values below 2.6 
Å, there are no local minima for either the ion pair or CAP structures. 
 
Introducing the CPCM CH2Cl2 solvent environment (Fig. 5.14b), the overall shape of the 
potential energy surface is not dramatically altered, although a significant ‘energy well’ in 
the location of the ion pair appears. This serves to bring a substantial increase the energy 
difference between the CAP and ion pair structures, ΔECAP-Ion Pair, from < 10 kJ mol-1 to ~ 
44 kJ mol-1, a similar effect to that observed in the two-dimensional scans (Fig. 5.13). The 
shape of the energy surface in the proximity of the CAP remains shallow, indicating that 
the reverse reaction to re-form the ion pair is likely to occur readily, lowering the equilibri-
um concentration of the CAP. 
 
Subsequently, the decomposition mechanism at the front of the ring for [C2C1C12im][OAc], 
(A2), was investigated. Abstraction of a proton from the C2-methyl group by the acetate 
anion generates acetic acid and 1-ethyl-3-methyl-2-methylene-2,3-dihydroimidazole (Fig. 
5.9). This mechanism was also initially characterised by gas phase DFT calculations, and 
subsequently using CPCM. The decomposition reaction profile and calculated transition 
state structure for mechanism A2 are displayed in Figure 5.15. 
 
The calculations suggest that even in the gas phase, the ion pair is of lower energy than 
the neutral products. Again, the CPCM calculations using CH2Cl2 and CH3OH solvents 
bring about a large stabilisation of the ion pair, and a significantly smaller stabilisation of 
the transition state and product. In a similar manner to [C2C1im][OAc], the CPCM calculat-
ions for [C2C1C12im][OAc] indicate that the ion pair is thermodynamically more stable than 
the neutral products when in a polarised medium. Moreover, the very small energy barrier 
for the reverse reaction (ΔGactivation = < 3 kJ mol-1, CPCM calculation using a CH3OH sol-
vent) indicates that the reaction is likely to be highly reversible. 
 
Therefore, for the two thermal decomposition mechanisms occurring at the front of the 
imidazolium ring (A1 and A2, Fig. 5.9), the CPCM calculations indicate stabilisation of the 
ion pair relative to the neutral products when a polar liquid environment is introduced. For 
ionic liquid [C2C1im][OAc], the C2 imidazolium ring proton is highly labile in both gas and 
liquid phases. This proton readily transfers onto the acetate anion, indicated by the low 
energy barrier of < 50 kJ mol-1 in all instances.  
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(a)                 
 
 
(b)                                                    
 
Fig. 5.15   Thermal decomposition mechanism A2 of [C2C1C12im][OAc]: (a) reaction profiles for gas 
phase and solvated (CH2Cl2, CH3OH) conditions; (b) gas phase transition state structure A2 (bond 
lengths in angstroms). Dashed green lines denote apparent hydrogen-bonding interactions. 
 
 
Table 5.6   Transition state and product energies for mechanism A2 of [C2C1C12im][OAc], relative to 
the lowest energy ‘Top Methyl 1’ ion pair conformer. 
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However, each mechanism exhibits a minimal energy barrier (< 3 kJ mol-1) for the reverse 
reaction; hence, decomposition mechanisms A1 and A2, if occurring in the bulk liquid, are 
likely to be highly reversible. The experimental TGA-MS data corroborates with these ob-
servations because the expected neutral decomposition products generated by these two 
mechanisms were not observed in meaningful quantity. 
      
By contrast, experimental activation energy values, Ea, for thermal decomposition of both 
acetate ionic liquids were in reasonable agreement with the calculated ΔHactivation values 
for the SN2 thermal decomposition mechanisms. Moreover, ester products corresponding 
to the SN2 mechanisms were detected as major decomposition products in the TGA-MS 
experiments, and the neutral 1-alkylimidazole products were clearly observed in the high-
temperature 1H NMR experiment. 
      
Formation of an NHC for ionic liquid [C2C1im][OAc], stabilised in the form of the CAP min-
imum, appears highly sensible in the gas phase, evidenced by the remarkably similar cal-
culated energies and in direct agreement with the mass spectrometry observations of 
Hollóczki et al.4 In addition, the NHC appears to be highly accessible in the liquid phase, 
demonstrated both by the results of this investigation and the wealth of chemical literature 
detailing the reaction of the C2 ring position of dialkylimidazolium carboxylate ionic liquids 
with CO2, metal species and carbohydrates.20,27-30 
 
However, drawing together the results of our combined experimental and computational 
investigation, thermal decomposition of ionic liquid [C2C1im][OAc] in the liquid phase does 
not occur primarily via an NHC intermediate, when under inert conditions (nitrogen, heli-
um or compressed air gas environment) and in the absence of specific reactive solutes or 
diluents. 
 
5.4   C4-substitution: the influence on N-Heterocyclic Carbene formation 
 
The knowledge obtained from this investigation, and from former chemical studies in the 
literature,4,14-19,21-23 demonstrates that formation of NHC species is probable when dialkyl-
imidazolium cations are paired with certain hydrogen bond basic anions (high β values), 
most notably those including a carboxylate moiety. Although we have explored the impact 
of various anion structures on the thermal stabilities of ionic liquids, including fluorination 
and incorporation of a sulfur atom into the carboxylate group, research has involved fairly 
typical cation structures. Substitution of the ‘back’ C4 and C5 positions of the imidazolium 
ring represents an interesting handle for steric and electronic modification of the cation, 
whilst retaining the core imidazolium cyclic motif and the acidic C2 position of the ring. 
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Therefore, we investigated the impact of ring C4-substitution (employing a broad variety 
of alkyl, aryl and heteroatomic substituents) on the likelihood of NHC species forming in 
imidazolium ionic liquids with the acetate anion. A series of scans employing redundant 
coordinates were performed (a fixed C2-O(acetate) distance of 2.76 Å, shuttling of the C2 
proton in increments of 0.05 Å) and ΔECAP-Ion Pair energies were compared. Calculations 
offer significant advantages over experimentation in this circumstance, whereby the prep-
aration of just a handful of C4-substituted imidazolium acetate analogues, and their char-
acterisation, would be a time-consuming process. 
 
Example scans for -CN, -CF3, -NO2 and -N(CH3)2 substituents are shown in Figure 5.16, 
relative to the unsubstituted (-H) compound. ΔECAP-Ion Pair energies for all 18 compounds 
are detailed in Table 5.7. 
 
 
 
 
Fig. 5.16   Stabilisation of the NHC by incorporating strong electron-withdrawing substituents (-CF3,  
-CN and -NO2) at the imidazolium C4 position, and destabilisation of the NHC with strongly electron-
donating substituents (-N(CH3)2). Calculations were performed with a fixed ‘y’ distance of 2.76 Å. 
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Table 5.7   The energy between the Carbene-Acid Pair (CAP) and Ion Pair (IP), ΔECAP-Ion Pair, for all 
investigated imidazolium ring C4 substituents. ‘Benzi’ refers to 1-ethyl-3-methylbenzimidazolium.  
 
 
 
 
 
For each investigated substituent RC4, the shape of the curve evolving from the scan was 
similar, demonstrating energy minima corresponding to both ion pair and CAP species, 
and a small energy barrier to NHC formation of < 25 kJ mol-1. 
 
However, the nature of the C4 substituent appeared to confer a measurable effect on the 
ease with which the carbene is formed; strongly electron-withdrawing functional groups, 
such as -CN, -CF3 and -NO2, appear to lower the energy of the CAP to a sufficient extent 
that the ΔECAP-Ion Pair value becomes negative, i.e. CAP becomes the thermodynamically-
favoured species (in the gas phase). Despite the change in sign of ΔECAP-Ion Pair for these 
substituents, the actual magnitude remains small, at < 11 kJ mol-1. By contrast, strongly 
electron-donating substituents disfavour the carbene, by both increasing ΔECAP-Ion Pair and 
raising the energy barrier for NHC formation. However, the capacity to destabilise the 
NHC species using such electron-donating groups is far lower than the comparable ability 
to stabilise, exemplified by the minimal change in ΔECAP-Ion Pair of + 6 kJ mol-1 replacing 
RC4 = -H with RC4 = -N(CH3)2. 
 
Hammett substituent constants, σ, exist for a broad range of functional groups,31 which 
refer to the ionisation of benzoic acids when the particular substituent is positioned in 
either a meta or para position (steric interactions interfere when the substituent is ortho). 
The Hammett equation is as follows: 
 
log (K/K0) = σ.ρ                   (5.1) 
 
Here, K is the equilibrium constant of the substituted benzoic acid, K0 is for unsubstituted 
benzoic acid, and ρ is the ‘reaction constant’ (= 1 for ionisation of benzoic acid system). 
The five-membered imidazolium ring does not have true ortho, meta or para positions, yet 
nevertheless, plotting the σmeta and σpara values against the ΔECAP-Ion Pair energy gives a 
promising linear correlation, with R2 values of 0.96 and 0.87, respectively (Fig. 5.17). 
Plotting ΔECAP-Ion Pair against the mean average of σmeta and σpara (‘σaverage’) yields a simi-
larly good linear fit (R2 = 0.96). Therefore, σaverage as a descriptor offers good prediction of 
the extent of stabilisation of the NHC (high σaverage, low ΔECAP-Ion Pair). 
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(a)  
 
(b)  
 
(c)  
 
Fig. 5.17   Linear relationships between ΔE(CAP - Ion Pair) and Hammett substituent constants, based 
on ionisation of benzoic acids: (a) σmeta, R2 = 0.96; (b) σpara, R2 = 0.87; (c) average of meta- and 
para-substituent constants, σaverage, R2 = 0.96. 
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Overall, mono-substitution of the ‘back’ of the ring allows subtle modification of the ease 
of NHC formation, in the example of dialkylimidazolium acetate ionic liquids. The range of 
ΔECAP-Ion Pair values was < 25 kJ mol-1 between the most electron-withdrawing substituent 
investigated (-NO2) and the most electron-donating (-N(CH3)2). 
 
5.5   Concluding remarks 
 
DFT (at the B3LYP-D/6-311++G(d,p) level of computational theory) has been employed to 
systematically study both structural interactions and thermal behaviour of two prototypical 
carboxylate ionic liquids, 1-ethyl-3-methylimidazolium acetate, [C2C1im][OAc], and its C2-
methylated analogue, 1-ethyl-2,3-dimethylimidazolium acetate, [C2C1C12im][OAc]. The in-
vestigation into ion pairs, manageable clusters incorporating one cation and one anion, 
formed the foundation for the subsequent study of thermal decomposition mechanisms by 
providing a rudimentary ‘ground state’ energy. 
 
Where the cation incorporates a proton at the C2 position of the ring, in the case of ionic 
liquid [C2C1im][OAc], favourable interactions of the acetate anion are largely in-plane with 
the ring and preferably at the ‘front’ location. The chosen B3LYP-D/6-311++G(d,p) level 
of theory found no difference in energy, above the threshold of the error, for three distinct 
ion pair geometries with acetate at this front position. However, cursory calculations into 
ion pair dimers (clusters or two cations and two anions) revealed stable out-of-plane 
structures facilitated by apparent π-stacking of the two aromatic rings. The substitution of 
a methyl group at the ring C2 position disturbed the low-energy front ion pair geometries, 
causing the acetate anion to instead adopt ‘top’ and ‘bottom’ sites. 
 
Plausible degradation mechanisms of [C2C1im][OAc] and [C2C1C12im][OAc] were studied. 
The activation barriers for the SN2 nucleophilic decomposition mechanisms were found to 
be 20 kJ mol-1 lower than the E2 Hofmann elimination reactions, and the calculated 
ΔHactivation energies were in reasonable agreement with the experimentally determined Ea 
values from the isothermal TGA experiments, detailed in the previous chapter. ΔHactivation 
energies, for the equivalent mechanism, were approximately 15 kJ mol-1 lower in the case 
of [C2C1C12im][OAc] compared with [C2C1im][OAc] (e.g. 135 and 119 kJ mol-1 for B1 and 
B2, respectively). Examining the ion pair energies, the reduced activation barriers for 
[C2C1C12im][OAc] may sensibly be attributed to destabilisation of the ground state (by 
disruption of the preferred front, in-plane ion pair geometries) rather than a stabilisation of 
the transition state. 
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Subsequently, more complex and reversible reactions involving the front C2 ring position 
were explored. The CPCM calculations indicated that, for each of the two investigated 
ionic liquids, the ion pair is thermodynamically more stable than the neutral products that 
form. Moreover, extremely shallow potential energy surfaces in the locality of the neutral 
product minima suggested that these mechanisms are likely to be highly reversible.  
 
Drawing together insights from both experimental and computational investigations, our 
experiments reveal that whilst the NHC species may be highly accessible in the neat 
carboxylate ionic liquid [C2C1im][OAc], NHC formation is not a significant decomposition 
mechanism under inert conditions, that is, when under a nitrogen gas environment and 
when other reactive substrates and diluents are excluded. However, formation of NHC 
species in [C2C1im][OAc], its so-called ‘non-innocent’ behaviour, is likely to be of critical 
importance when investigating more complex ionic liquid-carbohydrate mixtures. 
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Chapter 6 
Ionic Liquids:  
not always innocent solvents for cellulose 
 
 
Cellulose, a linear carbohydrate polymer consisting of repeating glucopyranose residues, 
held together via β-1,4-glycosidic bonds, contributes between 35 and 50% of the dry 
weight of biomass. It is the most prevalent of the three lignocellulosic polymers, and the 
world’s most abundant renewable feedstock.1,2 Paradoxically, despite it’s abundance, it is 
heavily under-utilised. Numerous strong intermolecular bonding interactions bind together 
the individual cellulose strands, rendering the polymer insoluble in the majority of conven-
tional solvents; this recalcitrant behaviour of cellulose presents a major challenge to the 
utilization of this abundant resource. 
      
Existing technologies for cellulose dissolution are far from optimal: the ‘Lyocell process’ 
employs the solvent N-methylmorpholine N-oxide (NMMO).3,4 Alternatively, the ‘Viscose 
process’ entails chemical functionalization of hydroxyl residues along the cellulose back-
bone with carbon disulfide (CS2) to form xanthate esters, greatly improving the solubility. 
Each of these two technologies carries a significant drawback; NMMO suffers from poor 
thermal stability,5 the Viscose process generates two kilograms of waste per kilogram of 
cellulose product obtained.6 
 
Ionic liquids represent a promising alternative to existing cellulose-dissolving solvents be-
cause of their higher thermal stabilities relative to NMMO,7,8 and the widely-believed non-
derivatizing nature of cellulose dissolution with ionic liquids. Chloride ionic liquids 1-ethyl-
pyridinium chloride, [C2py]Cl,9 and 1-butyl-3-methylimidazolium chloride, [C4C1im]Cl,10 are 
able to dissolve cellulose, a finding that has initiated a great deal of research into cellul-
ose dissolution procedures.11-14 The ability of an ionic liquid to dissolve cellulose correl-
ates well (albeit not perfectly) with the hydrogen-bond basicity, β, of the anion; hydrogen 
bonds between the ionic liquid anion and the cellulose chain are necessary to separate 
the individual cellulose strands.10,13 Hence ionic liquids incorporating halide,10 dialkylphos-
phate/dialkylphosphonate11 and, in particular, carboxylate15-17 anions have been identified 
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as promising candidates for cellulose processing. 
      
The high cost and inability to distil ionic liquids on a practical scale, leads to recycling 
being a particular challenge for any proposed large scale application.18-20 Recycling of the 
preferred carboxylate ionic liquid may be hindered via: (i) thermal degradation of the ionic 
liquid and subsequent volatilisation of decomposition products;7,8,21-23 (ii) vaporisation of 
the intact ionic liquid;24-31 or (iii) reaction of the ionic liquid with the cellulose.  
 
Therefore, when incorporating cellulose and similar carbohydrates into a mixture with an 
ionic liquid, the stability of the two components, with respect to each other, must be care-
fully considered, in addition to the inherent thermal stability of the ionic liquid. “Can car-
boxylate ionic liquids really be regarded as inert solvents for cellulose?” The ability of di-
alkylimidazolium acetate ionic liquids to form N-Heterocyclic Carbenes (NHCs) at the C2 
position of the ring is well established from previous literature32-42 and the results describ-
ed in the previous chapters, and this is likely to play a key role in reaction mechanisms of 
carboxylate ionic liquids with cellulose. 
 
Reactivity of carboxylate ionic liquids towards carbohydrates was first shown by Ebner et 
al., who described room-temperature reaction of the imidazolium C2 carbon of 1-butyl-3-
methylimidazolium acetate, [C4C1im][OAc], with the reducing aldehyde end of glucose 
(acting as a model compound for cellulose), generating an imidazolium ‘adduct’ bearing a 
C2 hydroxyalkyl substituent.43 They also observed the addition of a fluorescent napthyl 
imidazolium cation to cellulose itself and that the reaction was faster in the presence of 
base, which was subsequently supported by calculations of Wei et al.44 Ebner proposed 
that this reaction was reversible and did not explore any further reactivity of the adduct. 
      
Altogether, reaction of cellulose with the ionic liquid presents potential problems for both 
laboratory and industrial processes: (i) new chemical species will influence both physical 
and rheological properties of the mixture; (ii) volatile or flammable compounds present a 
safety hazard; (iii) damaging or fibrilation of the reprocessed cellulose material will occur, 
reducing it’s efficacy as a material product. It is crucial, therefore, to understand factors 
contributing towards the unwanted side reactions, and how they might be prevented or 
controlled. 
      
To address this concern, mixtures of a broad series of ionic liquids were thoroughly inves-
tigated, initially with solvated cellulose, and subsequently with simple carbohydrate model 
compounds. Reactions were carried out at elevated temperatures similar to those used in 
lignocellulosic biomass dissolution processes. Adduct compounds were characterised 
comprehensively employing a variety of spectroscopic and chromatographic techniques. 
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Factors affecting the rate and extent of adduct formation were explored, including the 
temperature, the starting acidity and the carbohydrate concentration. The study was then 
extended to other ionic liquids in which both cation and anion are changed. One plausible 
mechanism for formation of the adduct intermediates was proposed. 
 
6.1   Characterisation of ionic liquid-sugar adducts 
 
Ionic liquids included in this investigation are shown in Figure 6.1. The syntheses are fully 
described in chapter 8, Procedures. The five carbohydrate model compounds employed 
in this investigation, 23-27, are shown in Figure 6.2 in both cyclic and acyclic forms where 
applicable. The methods for preparation and thermal decomposition of the ionic liquid + 
cellulose/carbohydrate model compound mixtures are described in the Procedures chap-
ter. 
 
Following the key discoveries of Ebner43 and Wei,44 the reactivity of cellulose with a vari-
ety of available ionic liquids was initially investigated. Nine dialkylimidazolium ionic liq-
uids, 1-3d, 8b, 15, 17-20 and one ionic liquid with the organic N-methyl-diazabicycloun-
decenium cation 21 were selected. This was in order to cover a broad range of hydrogen 
bond basicities, β (a key determinant in cellulose solubility), including compounds that are 
known good solvents for cellulose, 3d, 8b, 18 and 19, and equally those that are not, 1, 2, 
15, 17 and 20. Mixtures of an ionic liquid with 5 wt% of cellulose added were prepared 
according to the method detailed in chapter 8, Procedures, and were heated at 120 °C for 
48 hours. Cellulose has only a very low solubility in some ionic liquids (e.g. 2, 15, 20); in 
these cases mixtures took the form of suspensions rather than solutions. Following heat-
ing, mixtures were analysed using 1H NMR spectroscopy (shown for 8b in graphical form 
below, Fig. 6.3) to assess formation of new chemical species. 
 
Interestingly, new peaks were observed in the 1H NMR spectra for the mixtures incorpo-
rating both of the carboxylate ionic liquids, 3d and 8b. For dimethyl phosphate ionic liquid 
19, tiny peaks were observed, which were more significant after extending the heating 
period to one week. Of particular note, a singlet at δ 4.79 ppm (in DMSO-d6) was obser-
ved for the mixtures of cellulose with liquids 3d or 8b, and at δ 4.73 ppm for the mixture 
with [C4C1im]+ ionic liquid 19. By contrast, the mixtures incorporating ionic liquids with 
methanesulfonate, 15, hydrogen sulfate, 17, bis(trifluoromethanesulfonyl)imide, 2, halide, 
1 and 18, and triflate, 20, anions exhibited no new peaks in the NMR spectrum. The car-
boxylate ionic liquid [C1-DBU][OAc], 21, did exhibit new peaks, although they originated 
from degradation of the ionic liquid itself, and not primarily from direct reaction with the 
cellulose. Results for the mixtures of an ionic liquid + 5 wt% cellulose are summarised 
below (Table 6.1). 
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Fig. 6.1   Ionic liquids used in this study, incorporating the [C2C1im]+ (1-3, 8, 15, 17), [C4C1im]+ (18-
20), and [C1-DBU]+ (21) cations. Compound 22 is a low-melting mixed inorganic eutectic salt. 
 
 
 
 
 
Fig. 6.2   Carbohydrate model compounds, shown in both cyclic and open forms (where possible): 
D-(+)-glucose, 23; D-(+)-cellobiose, 24; D-(+)-xylose, 25; D-(-)-fructose, 26, in fructopyranose (six-
membered ring) and fructofuranose (five-membered ring) forms; D-(+)-sucrose, 27. 
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Table 6.1   Experimental data for mixtures of ionic liquids (1, 2, 3d, 8b, 15, 17-21) with 5 wt% cellu-
lose, heated to 120 °C for 48 hours. 
 
 
 
 
 
 
Fig. 6.3   Expanded region of the 1H NMR spectrum of the mixture [C2C1im][CH3(CH2)6CO2], 8b, 
with 5 wt% cellulose, heated to 120 °C for 48 hours. The new singlet peak at δ 4.79 ppm can (after 
model compound analysis) be retroactively assigned to the hydroxyalkyl methylene group of the C1 
adduct cation, [C2C1(HO)C12im]+. 
 
 
In order to explore the reaction between the ionic liquids and cellulose more closely, and 
to elucidate factors affecting the formation of new chemical species, cellulose was replac-
ed with a series of smaller carbohydrate model compounds. Mixtures were prepared with 
ionic liquids 3, 8b, 15, 18 and 19 (all good cellulose-dissolving ionic liquids, with the ex-
ception of 15), and model compounds 23-27. The mixtures were heated to 100 - 120 °C, 
temperatures typical of industrial cellulose dissolution processes, and changes in chemi-
cal composition were monitored by HPLC, LCMS, and 1H NMR techniques. Furthermore, 
the acid number was measured at t0 and t24 (0 and 24 hours heating) for some of the mix-
tures. The experiments involving an ionic liquid + 10 wt% carbohydrate model compound 
are detailed in Table 6.2. 
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Table 6.2   Experimental data for mixtures of key selected ionic liquids (3d, 3c, 8b, 15, 18, 19 and 
22) with sugar model compounds, heated for 24 hours. 
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Initially, mixtures of the ionic liquid [C2C1im][OAc], 3d + 10 wt% of D-(+)-glucose, 23 were 
heated at 120 °C for 24 hours. Periodically, aliquots of the mixture were analysed by 
reverse-phase HPLC, the traces of which demonstrated the appearance of new small 
peaks of higher polarity (lower retention time) than the parent [C2C1im]+ ion. Moreover the 
absolute concentration of [C2C1im]+ reduced over the course of the 24 hours, suggesting 
that the new peaks were derived from the ionic liquid cation (Fig. 6.4a). 
 
LCMS was employed to identify the chemical species responsible for these new peaks 
(Fig. 6.5). Notably, the peak of highest polarity exhibited a strong, single mass signal at 
m/z 291, equal to the mass of [C2C1im]+ + D-(+)-glucose, 23. This species was present in 
fairly small quantity (< 2 HPLC %) before the 120 °C heating period.  
 
Therefore, this species was assigned as the equivalent adduct to that observed by Ebner 
and co-workers,43 formed from the reaction at the ring C2 imidazolium substituent with the 
reducing end of the sugar molecule. This adduct is herein denoted as the ‘C6’ adduct, re-
ferring to the six-carbon hydroxyalkyl substituent at the C2 position of the cation imidazol-
ium ring.  
 
This same notation, ‘Cn’ is employed hereafter to refer to other observed adducts, where 
‘n’ corresponds to the number of carbons in the C2 substituent chain excluding the C2 car-
bon atom itself. 
 
The other new HPLC peaks were identified, each with a lower mass than the C6 adduct, 
each separated by increments of 30 m/z. This mass corresponds to a difference of a one-
carbon CH2O unit in the hydroxyalkyl backbone, or  formaldehyde, HCHO. Hence the C4, 
C3, C2 and C1 adducts were observed at m/z 231, 201, 171 and 141, respectively (Fig. 
6.5). The C5 adduct was absent from both the HPLC spectra and the LCMS spectra, and 
there are several possible explanations for this observation: (i) the C5 adduct is not form-
ed at all; (ii) the C5 adduct does form but is unstable and rapidly converts to a smaller ad-
duct; or (iii) the C5 is present but the retention times of the C6 and C5 adducts are so 
similar that that the two could not be resolved.  
 
Nevertheless, HPLC % concentrations of the C6-C2 adducts were plotted as a function of 
time, and are shown below in Figure 6.4b. 
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(a) 
 
 
(b) 
 
 
Fig. 6.4   1-Ethyl-3-methylimidazolium acetate, [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, 
heated to 120 °C for 24 hours: (a) wt% of the [C2C1im]+ cation and the ‘C1’ adduct cation, 
[C2C1(HO)C12im]+. (b) HPLC % concentrations of the ‘intermediate’ C6 - C2 adducts. Error bars for 
C4 - C2 adducts are omitted for clarity, but are typically < ± 0.2 HPLC %. 
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(a) 
 
 
(b) 
 
Fig. 6.5   LCMS investigation of adduct species formed from [C2C1im][OAc], 3d + 10 wt% D-(+)-glu-
cose, 23, heated to 120 °C for one hour (t1): (a) survey of peaks i - vi; (b) ESI spectra of peaks i - vi. 
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For confirmation of its identity, the C1 adduct salt, 1-ethyl-2-(hydroxymethyl)-3-methylimi-
dazolium acetate, 28, was directly synthesised by allowing [C2C1im][OAc], 3d, to react 
with paraformaldehyde at 80 °C for 24 hours (Fig. 6.6). The 1H NMR spectrum of the syn-
thesised compound 28 perfectly matched the new peaks observed from the mixture of 3d 
and 23, after 24 hours of heating at 120 °C (Fig. 6.7), and the HPLC retention times 
matched. Therefore, the ‘C1’ adduct observed in the HPLC experiments, also exhibiting a 
peak at m/z 141 in the LCMS experiments, was confirmed as [C2C1(HO)C12im][OAc], 28.  
 
Recently, similar 2-hydroxymethyl-functionalised ionic liquids, incorporating halide anions, 
were characterised by Wang et al. to behave as catalysts for the synthesis of cyclic car-
bonates from epoxides and CO2.45 Moreover, these ionic liquids were shown to be stable 
under basic conditions. 
      
By retrospectively examining the preliminary NMR spectra for the mixtures of ionic liquids 
with cellulose, the observed singlet peak at δ 4.79 ppm for compounds 1 and 2, and at δ 
4.73 ppm for 8, can be assigned to the respective C1 adducts. HPLC calibration curves 
were constructed; subsequently, the wt% of the C1 adduct was displayed alongside the 
[C2C1im]+ cation (Fig. 6.4a). 
 
 
 
 
 
 
Fig. 6.6   Preparation of [C2C1(HO)C12im][OAc], 28, by heating [C2C1im][OAc], 3d, in the presence 
of paraformaldehyde. 
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Fig. 6.7   (a) New 1H NMR peaks (4.8 - 4.1 ppm) observed from the reaction of [C2C1im][OAc], 3d, 
with D-(+)-glucose, 23, after heating at 120 °C for 24 hours, assigned to the [C2C1(HO)C12im]+ cat-
ion. (b) 1H NMR spectrum of synthesised [C2C1(HO)C12im][OAc], 28, for comparison. 
 
 
 
 
 
 
 
Fig. 6.8   Relationship between acid number and wt% of the C1 adduct, [C2C1(HO)C12im]+, for the 
mixture of [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours. 
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The change in the HPLC % and wt% of the C6-C1 adduct species reveals key informat-
ion about their relative stabilities (Fig. 6.4). The C6 adduct is generated rapidly, reaching 
the maximum concentration at t0.25 before gradually disappearing. No C6 adduct is pres-
ent after 24 hours (t24), so it has been completely converted into further products. By con-
trast, the C1 adduct only reaches maximum concentration by t6, and is not diminished af-
ter 24 hours. Indeed, the C1 adduct appears to be metastable at the operating tempera-
ture of 120 °C, with no net loss or gain in concentration between the t6 and t24 time points. 
The comparatively slow and gradual formation of smaller adducts (C2 and C1), coupled 
with the early rise and subsequent decrease of the larger adducts (C6, C4 and C3) indi-
cates that the stabilities of the adducts increases with a decreasing C2-substituent size. 
Moreover, the concentrations as a function of time, t, suggest that the C6 adduct forms 
initially; sequential elimination of CH2O units from the hydroxyalkyl chain follows, to yield 
successively more stable, smaller species with longer lifetimes. 
      
The ‘acid number’, defined as the concentration of labile protons (determined by titration 
against aqueous [nBu4N][OH]), in units of mmol/Kg IL), was measured for the mixture of 
[C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, at the same time points as the HPLC 
samples. This acid number value was then plotted as a function of heating time, and was 
overlaid with the wt% concentration of the C1 cation, [C2C1(HO)C12im]+ (Fig. 6.8). 
 
The experiments revealed a gradual increase in acidity of the system during the 24 hour 
heating period, from ~ 100 to 800 mmol H+/Kg IL. The curvature of the two plots (Fig. 6.8) 
indicates that increasing acid concentration is, to some extent, linked to the formation of 
the C1 adduct. However, there is a notable increase of approximately 100 mmol H+/Kg IL 
between t6 and t24, whereas the C1 adduct cation has reached its maximum concentrat-
ion by t6. Moreover, acid number measurements on synthesised [C2C1(HO)C12im][OAc], 
28 (Fig. 6.7), reveal that it is not itself responsible for the increase in acid number. 
 
The number of moles of D-(+)-glucose, 23, incorporated into the mixture (~ 505 mmol/Kg 
IL), is marginally lower than the number of moles of [C2C1im]+ consumed (~ 595 mmol/Kg 
IL). The moles of C1 adduct present in the t24 mixture (~ 450 mmol/Kg IL), account for 
approximately 75% of the moles of [C2C1im]+ consumed. [C2C1im][OAc] exhibits slow de-
composition at 120 °C (chapter 4) which will contribute partially to the loss of [C2C1im]+. 
There is a measurable quantity of the C2 adduct (~ 1.2 HPLC %) still present in the mix-
ture after 24 hours heating (Fig. 6.4b). A longer heating period would likely lead to total 
conversion of the C2 adduct to the C1 adduct. Therefore it remains uncertain whether a 
stoichiometric 1:1:1 reaction is occurring, but it is possible that one mole of the [C2C1im]+ 
cation reacts with one mole of D-(+)-glucose (23), initiating a sequence of reactions that 
eventually yields approximately one mole of the C1 cation, [C2C1(HO)C12im]+.  
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However, it is highly plausible that the C1 adduct exists in an equilibrium with the parent 
[C2C1im]+ cation. By taking t24 mixtures of 3d + 10 wt% D-(+)-glucose, 23, and heating 
them at the higher temperature of 180 °C for four hours, a detectable reduction in con-
centration of [C2C1(HO)C12im]+ and a gradual increase in the concentration of the original 
[C2C1im]+ cation occurred. This suggests that the equilibrium is forced towards the ionic 
liquid side, with the evaporation of formaldehyde at this higher temperature. 
 
The molar increase in acid number (~ 700 mmol H+/Kg IL, Fig. 6.8), was greater than stoi-
chiometric. The sequence of adduct-forming reactions between 3d and 23 appeared to 
terminate in an equilibrium concentration of the ‘C1’ adduct, [C2C1(HO)C12im]+; at 120 °C; 
the maximum quantity was reached by t6 and had not diminished by t24 (Fig. 6.4a). In 
order to assess its thermal stability, the synthesised sample of [C2C1(HO)C12im][OAc], 28, 
was further analysed at higher temperatures. 
      
Temperature-ramped Thermogravimetric Analysis (TGA) experiments were performed on 
ionic compound 28, in the temperature range 80 - 700 °C, using a heating rate of 10 °C 
min-1. The TGA data is represented in graphical form below, in Figure 6.9. Complete TGA 
experimental conditions are described in chapter 8, Procedures. The Tonset temperature 
for the hydroxymethyl-substituted compound, 28 (221 °C), was very similar to that of un-
substituted ionic liquid 3c, measured as 216 ± 2 °C employing identical experimental con-
ditions. The derivative weight curve did not reveal any distinguishable weight loss event 
corresponding to loss of the C2-hydroxyalkyl substituent.  
      
In chapter 4, Thermal Decomposition of Carboxylate Ionic Liquids, the long-term thermal 
stability of [C2C1im][OAc], 3a, was analysed. Herein, the study was expanded to the C1 
adduct, [C2C1(HO)C12im][OAc], 28, recording an isothermal TGA thermograph for 28 at 
120 °C for 24 hours (Fig. 6.9b). Similar to ionic liquid 3a, compound 28 yielded a straight 
isotherm, suggesting pseudo zeroth order kinetics. Comparing rates of thermal decomp-
osition (change in mole fraction over time, dα/dt), at the temperature of 120 °C, degrad-
ation of ionic liquid 28 is marginally faster (dα/dt = 7.3 x 10-3 hr-1) than that of parent ionic 
liquid 3 (dα/dt = 5.7 x 10-3 hr-1), because 28 is likely to incorporate a contribution to mass 
loss from both the regeneration of [C2C1im]+ and loss of formaldehyde, and from subseq-
uent thermal decomposition of [C2C1im][OAc], occurring simultaneously. 
      
Hence, attempting to regenerate [C2C1im]+ simply by high temperature treatment is not a 
suitable strategy for preventing accumulation of the C1 adduct cation [C2C1(HO)C12im]+. 
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(a) 
 
 
(b) 
 
 
Fig. 6.9   (a) Temperature-ramped TGA thermograph of the prepared C1 adduct, [C2C1(HO)C21im]-
[OAc], 28. The dashed line represents the first derivative of weight loss, dw/dt; (b) Isothermal TGA 
thermograph of [C2C1(HO)C21im][OAc], 28, measured at 120 °C for 24 hours. 
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6.2   Adduct-forming mechanisms 
 
A proposed reaction mechanism for the formation and inter-conversion of the observed 
intermediates is shown in Figure 6.10. It accounts for the key observations: (i) the con-
centration of the ionic liquid cation, [C2C1im]+, is markedly reduced following the 24 hour 
heating, and D-(+)-glucose, 23, is no longer present in the 1H NMR spectrum. Therefore, 
adducts are formed from reaction of [C2C1im]+ with 23; (ii) C6, C4, C3 and C2 adducts 
were all observed as intermediates and, moreover, their concentrations as a function of 
time suggest that the smaller adducts appear later and are more stable than the larger 
analogues; (iii) the concentration of the C1 adduct, [C2C1(HO)C12im]+, appears to reach 
an equilibrium by the end of the 24 hour heating; (iv) the successive reactions are ac-
companied by a progressive increase in the acid number of the mixture, although the C1 
adduct is not itself the source of H+, and the increase in mmol H+ is not stoichiometric. 
 
The postulated mechanism involves initial abstraction of the C2 imidazolium proton by the 
basic acetate anion generating an NHC, which undergoes nucleophilic addition to the for-
myl group of glucose in its open chain form. The resultant C6 adduct then cleaves a five-
carbon aldehyde fragment to form the C1 adduct via an established ‘Breslow’ intermedi-
ate.46 Subsequent recondensation of the liberated aldehyde fragment with a further ionic 
liquid ion pair yields the next homologue of the series, and reaction repeats to account for 
each of the observed C4, C3 and C2 intermediate adducts. Thus, in effect, the reaction 
constitutes gradual digestion of the carbohydrate by releasing one-carbon formaldehyde 
(HCHO) fragments in turn, bound up in the form of the C1 adduct species. 
      
One apparent disparity between the postulated mechanism and the experimental observ-
ations is that reaction of one mole of D-(+)-glucose, 23, should eventually generate six 
moles of the C1 adduct species. This predicted quantity is far greater than the quantity 
observed. However, as discussed above, there is likely to be an equilibrium between this 
adduct and the parent ionic liquid cation. At the temperatures of these reactions (100 - 
120 °C), it is probable that formaldehyde will largely be lost from the reaction mixture by 
evaporation. Moreover, it has so far been assumed that all the consumed glucose is via 
this mechanistic pathway. Formation of various ‘caramelisation’ products from the burning 
of the sugar, and other reactions, may account in part for the substantial loss of glucose. 
These products would not be clearly observed by spectroscopic means, yet the darkening 
of the reaction mixtures would support this hypothesis. Each of these two explanations 
would contribute towards the disparity between the expected and the observed quantities 
of [C2C1(HO)C12im]+ in the t24 mixtures. 
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Fig. 6.10   Proposed scheme for the condensation of [C2C1im][OAc], 3d, with open-chain D-(+)-
glucose, 23, yielding the C1 adduct [C2C1(HO)C12im]+ (red), via a Breslow intermediate (blue). The 
cleaved C(n-1) aldehyde fragment can react once more with the parent ionic liquid, accounting for 
the intermediate adducts C5, C4, C3 and C2. 
 
 
      
The increase in acid number could, in principle, arise from oxidation of the liberated form-
aldehyde into formic acid, but no peak for this was observed in the 1H NMR spectrum for 
the mixture of 3d + 23 after the 24 hour heating period. Another possible cause for the 
increase in acid number could be the oxidation of the C1 adduct into 1-ethyl-3-methylimi-
dazolium-2-carboxylate, a species that is known to form from [C2C1im]+ and CO2.40 This 
acidic zwitterionic species is present in the HPLC spectrum of the mixture of 3d + 23 prior 
to heating, in low concentration (< 1 HPLC %), as a residual impurity from the ionic liquid 
synthesis and present in the HPLC of the pure ionic liquid. A very small increase (+ 0.36 
± 0.04 HPLC %) in the concentration of this cation was observed over the course of the 
24 hour heating period. However, this is unlikely to be sufficient to account for all of the 
measured acid number increase of the experiments. 
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6.3   Reaction with other sugar compounds 
 
The investigation was extended to the other sugar model compounds, 24-27. Formation 
of adduct species was observed for the mixtures of 3d with D-(+)-cellobiose, 24, D-(+)-xy-
lose, 25, and D-(-)-fructose, 26. A significant blackening of each mixture also occurred.  
      
In contrast, no adduct species were observed from HPLC analysis of the mixture 3d + 10 
wt% D-(+)-sucrose,  27, heated to 120 °C for 24 hours. Instead, only a slight darkening of 
the mixture was observed, and the wt% of the [C2C1im]+ cation remained constant. Critic-
ally, D-(+)-sucrose, 27, is the only investigated carbohydrate model compound lacking an 
open chain form. Therefore we conclude that it is necessary for the saccharide to have an 
open chain structure for reaction with [C2C1im]+ to occur.  
      
D-(+)-cellobiose, 24, is an improved model compound for cellulose relative to D-(+)-glu-
cose, 23, due to the presence of the two glucopyranose units held together by a β-1,4- 
glycosidic link. Upon heating [C2C1im][OAc], 3d, with D-(+)-cellobiose, 24, at 120 °C, ad-
ducts were observed by reverse-phase HPLC, of higher polarity than [C2C1im]+ as for 
mixtures of 3d with 23. Several of the components present after 0.25 hours of heating 
were analysed by LCMS (shown in the Appendix chapter Fig. A6.24). The peak of highest 
polarity in HPLC was found to represent three separate chemical species in the LCMS. 
Three sharp signals were observed in the mass spectra, at m/z 453, 423 and 393 (each 
differing by m/z 30, CH2O). Using a similar nomenclature to products of 3d with D-(+)-glu-
cose, 23, these masses were assigned to the ‘C12’, ‘C11’ and ‘C10’ adducts, respectively 
(Fig. 6.11). The C11 adduct, observed when studying mixtures with D-(+)-cellobiose, is 
analogous to the unseen C5 adduct in the experiments with D-(+)-glucose. Therefore, it is 
likely that the C5 adduct does form, but that the rapid conversion of adducts, or similarity 
in the HPLC retention times, explains why it is not formally observed. 
 
 
 
 
 
Fig. 6.11   Assigned C12 (m/z 453), C11 (m/z 423) and C10 (m/z 393) adducts, observed from the 
mixture [C2C1im][OAc], 3d + 10 wt% D-(+)-cellobiose, 24, after heating at 120 °C for 0.25 hours. 
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A small peak of the same retention time for the C6 adduct from the glucose experiment 
(m/z 291) was also observed, suggesting that both glucopyranose residues of 24 had 
reacted with [C2C1im]+ to eventually yield [C2C1(HO)C12im]+. This is directly supported by 
the formation of measurable quantities of the C1 adduct compound in the initial experim-
ents with 5 wt% cellulose. 
      
It remains unclear whether the reaction of both of the glucopyranose units of cellobiose 
occurs independently, or after a single addition to the imidazolium ring. Nevertheless, 
these results carry important implications for the dissolution of cellulose in carboxylate 
ionic liquids; adduct-forming reactions are likely to extend beyond the terminal gluco-
pyranose residue; indeed this phenomenon was observed for mixtures of carboxylate ion-
ic liquids with cellulose, and the C1 adduct was detected by 1H NMR spectroscopy at a 
concentration far too high to be accounted for if reaction were limited to the terminal glu-
copyranose residue. Employing carboxylate ionic liquids in the dissolution of cellulose for 
long periods of time will bring about a reduction in the degree of polymerisation of the 
cellulose, a diminished quality of the cellulose fibres, and the gradual accumulation of 
unwanted by-products. 
 
Sugars D-(+)-xylose, 25, and D-(-)-fructose, 26, are model compounds for hemicellulose, 
also one of the major polymer components of lignocellulosic biomass (ca. 25 dry wt%) 
and a minor component (< 10 wt%) of a typical cellulose pulp. Mixtures were prepared 
with [C2C1im][OAc], 3d, and 10 wt% quantities of 25 or 26. These mixtures were heated 
to 120 °C for a period of 24 hours, as for previous experiments with model compounds 23 
and 24. In an analogous manner to D-(+)-glucose, 23, the mixture of 3d + 10 wt% D-(+)-
xylose, 25, yielded a sequence of HPLC peaks, the most polar corresponding to the 
parent ‘C5’ adduct (xylose is a pentose sugar), with a similar pattern of intermediate ad-
ducts finishing at the C1 compound, [C2C1(HO)C12im]+ (Appendix chapter, Fig. A6.25). 
 
Similarly, the mixture of ionic liquid 3d + 10 wt% D-(-)-fructose, 26 (a structural isomer of 
23) demonstrated new adduct peaks, which were assigned to the expected Cn (n = 1-6) 
adducts, on the basis of the nearly identical pattern of HPLC peaks compared to the D-
(+)-glucose experiment. The C1 adduct was assigned unambiguously from 1H NMR data. 
      
Therefore, each of the sugar model compounds that exhibit an open-chain form (23-26) 
undergo reaction at the ring C2 position of [C2C1im][OAc], 3d, yielding an analogous and 
common sequence of hydroxylated adduct species. 
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6.4   Reduction in temperature  
 
A temperature of 120 °C is commonly employed for biomass and cellulose processing.13 
However, it would be expected that the rates of by-product forming reactions would be 
depressed at reduced temperatures. The investigation of reaction of 3d + 10 wt% 23/24 
were repeated at the reduced temperature of 100 °C. A comparison of the quantities of 
C1 and C6 adducts (in wt%), and intermediate adducts (in HPLC %), between the two 
temperatures is displayed for 3d + 23 in Figures 6.12 and 6.13, respectively. 
 
 
(a)                       
 
(b)                     
 
Fig. 6.12   Comparison of adduct formation for [C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, 
heated for 24 hours at 120 and 100 °C: (a) wt% of the C1 adduct, [C2C1(HO)C12im]+; (b) HPLC % of 
the intermediate C6 adduct cation. 
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(a) 
 
(b) 
(c)               
 
 
Fig. 6.13   HPLC % concentrations of the intermediate C6, C4, C3 and C2 adducts. Experiments 
were performed with ionic liquid [C2C1im][OAc], 3d + 10 wt% D-(+)-glucose, 23, heated for 24 hours 
at 120 °C (a) and 100 °C (b). Identities of intermediate adducts are given in (c). 
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It is clear that the same chemical species are formed at the lower temperature. The initial 
formation of the C6 adduct remains fairly rapid at 100 °C (Fig. 6.12), but the subsequent 
reactions are far slower, exemplified by the sluggish accumulation of the C1 adduct cat-
ion [C2C1(HO)C12im]+; at 120 °C, the equilibrium concentration is reached by t6, whereas 
at 100 °C the concentration of the C1 adduct more than doubles between t6 and t24 (Fig. 
6.12a).  
 
Thus, although reducing the temperature of the cellulose solvation system appears to be 
a sensible strategy for diminishing the rate of byproduct formation, the appearance of by-
products is by no means entirely halted. The lower temperature limit of an industrial cellu-
lose dissolution process is likely to be determined by the rate at which cellulose dissolv-
es; dissolution of cellulose in ionic liquids at low temperatures is overly time-consuming. 
Moreover, high viscosities of ionic liquid-cellulose mixtures present a far more significant 
problem at lower temperatures.  
 
Therefore, another process variable besides the temperature must be modified. 
 
6.5   Starting acidity 
 
The acid number of the mixture at the outset of the reaction was investigated as another 
possible variable which could be modified to limit reaction of the ionic liquid with sugars. 
Samples of ionic liquid [C2C1im][OAc], 3d, were treated with small aliquots of acetic acid, 
before being blended into mixtures with the addition of 10 wt% D-(+)-glucose, 23. The 
acid numbers of the mixtures were then determined (110 - 271 mmol H+/Kg IL), and the 
mixtures were heated at 120 °C for a period of 24 hours with HPLC analysis at the same 
regular time points (t0 - t24) as for the experiments described above. Complete acid num-
ber data is listed in Table 6.2. A comparison of formation rates for C6 and C1 adducts, for 
mixtures of 3d + 10 wt% 23 at differing initial acid numbers, is shown in Figure 6.14. 
 
Increasing the acid number of the mixture [C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 
23, reduces the rate of formation of [C2C1(HO)C12im]+ to a small extent, and this is most 
pronounced at the middle time points, t1 - t4 (Fig. 6.14a). A corresponding reduction in the 
rate of disappearance of the C6 adduct is observed at higher acid numbers; maximum 
concentration of the C6 adduct appears to have occurred before t0.25 for the experiment 
with acid number 110 mmol H+/Kg IL, whereas maximum concentration is nearer t0.5 for 
the experiment with 271 mmol H+/Kg IL. 
 
Nevertheless, differences in the rate of adduct formation appear to be minimal, at least 
within the acid number range and reaction mixture we have studied. A key implication of 
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these results is that the mechanism of formation of the initial adducts, as well as their 
subsequent inter-conversion, is not significantly acid-catalysed. Regardless of the initial 
acid number, the measured increase in acid number was approximately equivalent over 
the 24 hour heating period, at + 750 ± 50 mmol H+/Kg IL. 
 
 
 
(a) 
 
 
(b) 
 
Fig. 6.14   Comparison of adduct formation for [C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, with 
differing initial acid numbers (110 - 271 mmol H+/Kg IL), heated at 120 °C for 24 hours: (a) wt% of 
the C1 adduct, [C2C1(HO)C12im]+; (b) HPLC % of the intermediate C6 adduct. Graphs are shown in 
the range t0 - t6, for clarity. 
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6.6   Sugar concentration 
 
Subsequently, mixtures were studied with [C2C1im][OAc], 3d, and higher concentrations 
of sugar model compounds D-(+)-glucose, 23 and D-(+)-xylose, 25 (25 wt% and 100 
mol%, relative to the ionic liquid), in an effort to prepare and isolate intermediate adducts 
for structural analysis. Mixtures were prepared in an analogous way to the 10 wt% mix-
tures, by addition of an aqueous sugar solution to the neat ionic liquid, followed by drying 
of the resultant solution under reduced pressure for one hour at 70 °C to yield a highly 
viscous liquid. Full procedures are described in the chapter 8, Procedures. A graph repre-
senting the change in wt% of the [C2C1im]+ and [C2C1(HO)C12im]+ cations as a function of 
time, for the 25 wt% mixture, are displayed in the Appendix chapter (Fig. A6.14). 
      
Upon increasing the initial sugar quantity in the example of [C2C1im][OAc], 3d + 25 wt% 
D-(+)-glucose, 23, the pattern of observed adducts was equivalent to the former mixtures. 
HPLC % concentrations of the intermediate adducts and wt% concentration of the final 
adduct, [C2C1(HO)C12im]+, were markedly increased.  
 
However, the increase was far from proportional to the increase in sugar concentration; 
only a marginal increase in [C2C1(HO)C12im]+ equilibrium concentration was observed, 
from 6.5 ± 0.5 wt% up to 7.89 wt%. The 1H NMR spectrum of the 25 wt% mixture at t24 
did not show any residual D-(+)-glucose, 23. However, the unaccounted concentration of 
glucose had perhaps undergone thermal decomposition, a suggestion supported by the 
observed darkening of the mixture and odour of caramel. 
     
Increasing of the sugar loading up to 100 mol% (relative to the ionic liquid, i.e. equimolar 
mixtures) yielded highly viscous solutions. Upon heating to 120 °C, the mixture exhibited 
no distinguishable HPLC adduct peaks, instead showing a broad, shapeless shoulder of 
retention time 3 - 10 minutes. These equimolar mixtures of [C2C1im][OAc], 3d + D-(+)-glu-
cose, 23/D-(+)-xylose, 25, again exhibited a strong caramel odour after 24 hours of heat-
ing, suggesting that thermal decomposition of the carbohydrate had occurred. 
 
Therefore, increasing the concentration of the carbohydrate model compound beyond the 
initial value of 10 wt% relative to the ionic liquid solvent, the viscosity of the mixtures in-
creases, and an increasing proportion of sugar undergoes thermal decomposition, rather 
than adduct-forming mechanisms involving the ionic liquid species. In addition, the maxi-
mum concentration of cellulose that can be dissolved is likely to be far lower than 25 wt% 
or 100 mol% of the ionic liquid, the concentrations of the carbohydrate model compounds 
23 and 25 investigated here. 
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6.7   Changing the ionic liquid 
 
1-Ethyl-3-methylimidazolium acetate, [C2C1im][OAc], 3, has most commonly been used in 
the dissolution of cellulose and is highly effective. However, other ionic liquids have also 
been used. The solubility of cellulose in an ionic liquid is dependent on hydrogen-bond 
basicity, requiring β > 0.8 for dissolution to occur.13 However the same basic behaviour of 
the ionic liquid anion has been associated with the generation of the N-Heterocyclic Car-
bene (NHC) from dialkylimidazolium cations.32-42 The results of this investigation indicate 
that it is this NHC behaviour that initiates the sequence of reactions culminating in format-
ion of [C2C1(HO)C12im]+ (Fig. 6.10).   
      
In an effort to explore the breadth and scope of the adduct-forming mechanism between 
dialkylimidazolium ionic liquids and carbohydrate model compounds, the ionic liquid cat-
ion and anion were independently varied. Initially, a homologous carboxylate ionic liquid, 
[C2C1im][CH3(CH2)6CO2], 8b, was studied to determine the impact of extending the anion 
alkyl chain length. Subsequently, other ionic liquids with similarly high β values were 
investigated ([C4C1im]Cl, 18, β = 0.83, [C4C1im][(CH3)2PO4], 19, β = 1.13).47 Furthermore, 
the ionic liquid [C2C1im][CH3SO3], 15, was studied, anticipated to be marginally below the 
β = 0.8 cut-off for cellulose solubility (β = 0.77 for the analogous [C4C1im][CH3SO3]).47  
      
Finally, an all-inorganic eutectic mixture was investigated, which cannot form an NHC or 
subsequent adduct products, namely the mixture of lithium, potassium and cesium ace-
tates, [Li]0.2[K]0.275[Cs]0.525[OAc], 22, reported first by Diogenov et al. in 1965,48 and more 
recently by Bajus and co-workers.49,50 As before, these were studied in mixtures with ad-
ded 10 wt% D-(+)-glucose, 23, with heating for 24 hours at 120 °C. 
      
The two ionic liquids with lowest values of β, 15 and 18, exhibited no reaction between 
the cation and D-(+)-glucose. Furthermore, the change in acid number for these mixtures, 
where measured, was minimal (~ ± 10 mmol H+/Kg IL). The absolute concentration of the 
[C2C1im]+ or [C4C1im]+ cation was unchanged in each example after the 24 hour heating 
period (Fig. 6.15 and Fig. A6.22), and the colour changes of these mixtures were far less 
substantial than had been seen for the mixtures with [C2C1im][OAc], 3. 
      
Hence ionic liquids [C2C1im][CH3SO3], 15, and [C4C1im]Cl, 18, appear to be inert solvents 
with respect to the carbohydrate model compound D-(+)-glucose, 23, at the temperature 
of 120 °C. Crucially, [C4C1im]Cl was the first recognised example of a cellulose-dissolving 
ionic liquid;10 therefore, this apparent lack of adduct-forming reactions is highly significant. 
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Fig. 6.15   Wt% concentration of [C2C1im]+ during the heating of [C2C1im][CH3SO3], 15, + 10 wt% 
D-(+)-glucose, 23, at 120 °C for 24 hours. Error values are approximate, based upon the largest 
errors for triplicate experiments of [C2C1im][OAc], 3d + 10 wt% 23. 
 
 
 
By contrast, the mixture of [C4C1im][(CH3)2PO4], 19, with D-(+)-glucose, 23, did exhibit 
several new HPLC peaks of higher polarity than the [C4C1im]+ cation. However, only four 
peaks formed on the timescale of the experiment, and were slow to appear in comparison 
to those for the mixtures of 3 + 10 wt% 23. The size of the [C4C1(HO)C12im]+  peak at the 
t24 time point was considerably lower than the analogous peak for 3d + 10 wt% 23. LCMS 
data for the mixture [C4C1im][(CH3)2PO4], 19, with D-(+)-glucose, 23, at the t24 time point 
is shown in Figure 6.16.  
 
The handful of peaks that were present at t24, of lower retention time than the parent ionic 
liquid cation, could be comfortably assigned as the equivalent C6, C2 and C1 products, 
derived from the [C4C1im]+ cation (with masses at m/z 319, 199 and 169, respectively). 
The two peaks of shortest retention time (highest polarity) were of identical mass (m/z 
319), and therefore were assigned as the two distinct diastereoisomers of the C6 adduct; 
nucleophilic attack of the NHC can occur from either side of the carbonyl substituent. The 
quantity of the C2 adduct was vanishingly small. The C4 and C3 intermediate adducts 
appeared to be absent (although they could, in principle, be present but below the de-
tection limit of the LCMS apparatus). 
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(a) 
 
 
 
(b) 
 
 
Fig. 6.16   Liquid Chromatography - Mass Spectrometry (LCMS) analysis of adducts formed from 
[C4C1im][(CH3)2PO4], 19, and D-(+)-glucose, 23, heated to 120 °C for 24 hours: survey of peaks i - 
v; (b) mass spectra of selected peaks, i, ii and iv. Peaks i and ii were assigned to diastereoisomers 
of the C6 adduct, arising from uncertain stereochemistry at the α carbon (labelled *). Peaks iii and v 
correspond to the C2 adduct and [C4C1im]+, respectively. 
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While it is possible that reaction of D-(+)-glucose with [C4C1im][(CH3)2PO4], 19, is mech-
anistically different to that of [C2C1im][OAc], 3d, this is unlikely and it is probable that the 
intermediates C5, C4 and C3 do form, but are extremely unstable under the imposed 
environment and rapidly convert to the smaller and more stable C2 and C1 products. It is 
clear that the rate and quantity of the products formed are significantly lower than for 
carboxylate ionic liquids [C2C1im][OAc], 3d, and [C2C1im][CH3(CH2)6CO2], 8b. 
      
Finally, the mixture of inorganic acetate eutectic, [Li]0.2[K]0.275[Cs]0.525[OAc], 22, with D-(+)-
glucose, 23, was prepared as for all other mixtures, by the addition of an aqueous solut-
ion of the sugar to the ionic compound. This yielded a highly viscous, glassy mixture, with 
poor homogeneity; an accurate and reproducible water content measurement could 
therefore not be obtained. Upon heating the mixture to the experimental temperature of 
120 °C for 0.25 hours, a drastic colour change was observed, from colourless/white to a 
deep orange/brown colouration. The mixture had a strong odour of burnt caramel, as for 
the equimolar mixtures of ionic liquid [C2C1im][OAc], 3d with carbohydrates 23 or 25, 
described previously. Moreover, the HPLC analysis at t0.25 revealed an absence of new 
distinct adduct peaks, suggesting instead that thermal decomposition of the sugar had 
occurred.  
 
Therefore, the low-melting acetate eutectic mixture [Li]0.2[K]0.275[Cs]0.525[OAc], 22, despite 
lacking the dialkylimidazolium cation necessary for adduct formation, is not an appropri-
ate solvent for cellulose due to the highly viscous and glassy nature of this eutectic. 
      
In summary, the screening of different ionic liquid cation and anion species, with respect 
to their reactivity with D-(+)-glucose, 23, highlighted several interesting phenomena. For 
dialkylimidazolium ionic liquids, the high β value required to dissolve cellulose seems also 
to lead to reactions between the cation and sugar compounds. However, the reactions in 
the ionic liquid with the highest value of β, [C4C1im][(CH3)2PO4], 19 (β = 1.13) were slower 
than in the carboxylate ionic liquids. Dimethyl phosphate, (CH3)2HPO4, has a pKa of 1.29, 
relative to 4.76 for acetic acid and 4.89 for octanoic acid.51 pKa values of hydrogen chlor-
ide and methanesulfonic acid, both strong acids, are << 1. Therefore, Brønsted basicity 
may be a better measure of the likelihood of adduct formation than hydrogen-bond basi-
city, β, measured from Kamlet-Taft experiments. This is worthy of further study.  
 
It is highly likely that anion basicity strongly influences the ease of NHC formation, the in-
itial step towards adduct formation in the proposed mechanism (Fig. 6.10). Considering 
the mixtures with cellulose, substitution of the acetate or octanoate anion for dimethyl 
phosphate hinders this process, requiring an extended one-week heating period for the 
appearance of the C1 adduct to be significant. Furthermore, employing chloride as the 
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ionic liquid anion, the moderate cellulose solubility is retained whilst simultaneously the 
sequence of adduct forming reactions appears entirely suppressed (Fig. 6.17). 
      
Recent investigations have highlighted the tendency of dialkylimidazolium chloride ionic 
liquids to bring about hydrolytic cleavage and degradation of cellulose during dissolution 
processes,52-54 yielding a mixture of cellooligosaccharides, cellobiosan and glucose when 
water content is above a certain threshold.55 However, the authors did acknowledge the 
presence of water in their ionic liquid-cellulose mixtures. The careful exclusion of water 
(concentration < 0.3 wt%), and the high temperature of our experiments (120 °C rather 
than 100 °C, ensuring more water was in the vapour phase) are the likely explanations for 
the absence of these hydrolysis reactions being observed for our experiments involving 
mixtures of a chloride ionic liquid (18) with cellulose. 
      
The precise explanation for differences in reactivity of carboxylate (3d and 8b), chloride 
(18) and dimethyl phosphate (19) liquids with D-(+)-glucose, 23, is unknown. However, 
what is striking is that anhydrous [C4C1im]Cl, 18, an effective solvent for cellulose (albeit 
less so than [C2C1im][OAc], 1), does not exhibit the undesirable sequence of adduct-
forming pathways occurring for anhydrous carboxylate ionic liquids 
 
 
 
 
 
 
Fig. 6.17   Graphical representation of the impact of anion structure on the ease of N-Heterocyclic 
Carbene (NHC) formation, the preliminary step in ionic liquid-cellulose adduct formation. 
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6.8   Concluding remarks 
 
Dialkylimidazolium ionic liquids incorporating carboxylate anions react with cellulose and 
low molecular weight sugars to generate a series of intermediates leading eventually to 
cations with a hydroxymethyl substituent at the C2 position of the ring, e.g. the 1-ethyl-2-
(hydroxymethyl)-3-methylimidazolium cation, [C2C1(HO)C12im]+. The results indicate the 
likelihood that this C1 adduct species is in direct equilibrium with the parent ionic liquid 
cation, [C2C1im]+, indicated by the fact that the adduct could be reverted to the original 
cation at higher temperatures, in effect driving the equilibrium to the ionic liquid side. This 
further explains the mismatch between the observed stoichiometry (between the quantity 
of D-(+)-glucose consumed and C1 adduct formed) and that predicted by the suggested 
mechanism. 
 
Substituting the carboxylate anion with the dimethyl phosphate anion slows, but does not 
prevent, these reactions with cellulose and with the model sugar compounds. By contrast, 
the investigated chloride and methanesulfonate ionic liquids are sufficiently less reactive 
towards the model sugar D-(+)-glucose that no measureable quantity of reaction products 
was observed after 24 hours at 120 °C. This phenomenon was attributed to the lack of an 
NHC formation step which initiates the adduct formation and inter-conversion pathways. 
However, of these two, only the chloride ionic liquids are capable of dissolving cellulose 
to a significant concentration.   
      
The proposed series of reactions begins with addition of the aldehyde of the open chain 
form of the carbohydrate to the transient NHC form of the cation. This is then followed by, 
in effect, sequential elimination of formaldehyde units from the hydroxylated alkyl chain 
until the terminal C1 product is reached, and the equilibrium of the C1 adduct with the 
[CnC1im]+ cation is established. The observed reactivity of D-(+)-cellobiose, and cellulose 
itself, demonstrated that these reactions are not limited to the terminal glucopyranose 
residue. Although the rate of formation of these by-products may be partly reduced by 
lowering the operating temperature or increasing the initial acidity of the system, their 
formation cannot be entirely prevented. 
      
Given the preference for carboxylate-anion ionic liquids for the dissolution of cellulose 
and particularly the popularity of [C2C1im][OAc], this observed behaviour has the potential 
to prevent successful implementation of cellulose dissolution processes employing these 
ionic liquids. The accumulation of ionic liquid derived by-products will affect rheological 
properties, may impose safety hazards, and will prevent crucial recycling of the expensive 
ionic liquid component, greatly increasing process costs. The degradation, fibrilation and 
shortening of the cellulose fibres are also key concerns for the reduction of the quality 
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and quantity of the cellulose product.  
      
One obvious strategy would be the modification of the ionic liquid cation. The adduct-
forming reaction mechanism for [C2C1im][OAc] clearly involves the reactive C2 position of 
the imidazolium ring. Unfortunately, simple substitution of this proton for a methyl group 
yields an ionic liquid with a higher viscosity, higher melting point and limited thermal stab-
ility.8 Moreover, recent investigations have highlighted the important role of the cation in 
cellulose dissolution,12,56,57 when previously it was considered to have only a secondary 
role. Therefore, whilst modification of the ionic liquid cation may provide a feasible solut-
ion to the undesired adduct-forming reactions, it is not a trivial problem. 
      
When employing dialkylimidazolium ionic liquids, anions of sufficiently low basicity are re-
quired to inhibit formation of N-heterocyclic carbenes. However, such anions also lead to 
a reduction in cellulose solubility in the ionic liquid. Until alternatives can be identified only 
anhydrous ionic liquids incorporating the chloride anion have been shown to be able to 
both dissolve cellulose and to avoid undesirable reaction of the dialkylimidazolium cations 
with the cellulose.  
 
Further investigation will uncover structure-activity relationships for ionic liquid-cellulose 
mixtures. 
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Chapter 7 
Conclusions 
 
 
Early literature frequently cites ‘high thermal stability’ amongst the defining properties of 
ionic liquids. However, careful contemporary research has systematically discredited this 
assertion. Thermal decomposition represents a highly relevant consideration for any ionic 
liquid-assisted procedure operating at an elevated temperature, and a great spectrum of 
applications fall under this umbrella. Critical economic and safety concerns hinge upon a 
comprehensive understanding of ionic liquid stability. 
 
Carboxylate ionic liquids are finding increasingly widespread application in lignocellulosic 
biomass procedures, and therefore represent excellent candidates for an investigation of 
this type. Thermogravimetric methods demonstrated that the long-term stabilities of these 
compounds are substantially lower than previously heralded. A sensible upper operating 
temperature limit for the prototypical carboxylate ionic liquid, 1-ethyl-3-methylimidazolium 
acetate, falls well below those temperatures frequently selected for carrying out biomass 
processes. Therefore, such biomass systems must be modified in light of these results.  
 
When subjected to thermal exertion under ‘inert’ conditions, that is, under the blanket of 
an unreactive gas and in the absence of solute or diluent species, SN2-type nucleophilic 
substitution mechanisms predominated, accompanied by a negligible contribution from 
alternative elimination pathways. Yet, the relative prevalence of competing decomposition 
mechanisms could be wholly modified both via heteroatomic substitution of the anion, or 
by alteration of the direct environmental conditions exerted on the ionic liquid. Drawing 
together the findings of this investigation and of those previously, factors belonging to this 
latter category include the flow gas composition, the open or sealed condition of the 
container, and the concentration of water dissolved in the ionic liquid. Doubtless there are 
others yet to be uncovered. Therefore, thermoanalytical chemistry appears restricted in 
its predictive power, given that these external factors may drastically alter on transferral 
from one process to another. Taking into account this wealth of experimental variables, 
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important questions such as “to what maximum temperature can I heat my ionic liquid?” 
and “for how long?” must be approached on a somewhat individual basis. 
 
The interplay of the competing decomposition mechanisms becomes more complex when 
considering the ‘non-innocent’ behaviour of dialkylimidazolium carboxylate ionic liquids, 
their tendency to form N-Heterocyclic Carbenes by anionic abstraction of the acidic C2 
proton. A computational approach demonstrated that formation of the carbene in the 
liquid phase requires a minimal input of energy, yet that the reverse reaction to transfer 
the proton back onto the ring demands less energy still. This transient nature of the N-
Heterocyclic Carbene indicates, therefore, that cation-anion pairs will intermittently form 
carbene species in the bulk liquid. However, the rapid reversibility and lack of a suitable 
carbene ‘trap’ prevent the mechanism from being expressed in the observed thermal 
decomposition products, under the described inert conditions. 
 
Nevertheless, this non-innocent chemistry of dialkylimidazolium carboxylate ionic liquids 
becomes of critical importance when expanding the scope of the investigation to more 
complex ionic liquid-cellulose mixtures. Where the ionic liquid anion is sufficiently basic (it 
remains unclear whether hydrogen-bond basicity or Brønsted basicity is more influential) 
to abstract the imidazolium C2 proton, a condensation reaction occurs between the car-
bene and the open-chain aldehyde functionality on the carbohydrate, thus beginning a 
sequence of ‘adduct’ formation and inter-conversion pathways. This undesirable reaction 
sequence is the most facile when employing carboxylate ionic liquids, whilst reaction is 
more sluggish when the dimethyl phosphate anion is incorporated instead.  
 
Moderately high hydrogen-bond basicity is a requirement for effective cellulose solubility, 
yet excessively high basicity initiates the sequence of unwanted decomposition reactions. 
Therefore, for any ionic liquid to behave as an effective solvent for cellulose, yet without 
initiating unwanted degradation reactions with the cellulose, it must exhibit a hydrogen-
bond basicity that falls within a certain ‘window’. Strikingly, 1-butyl-3-methylimidazolium 
chloride fully matches these criteria, demonstrating the beneficial properties of adequate 
cellulose solubility and, when anhydrous, an absence of adduct formation or hydrolysis. 
The absence of observed adduct species can be sensibly attributed to prevention of the 
N-Heterocyclic Carbene step when the less basic chloride anion is involved. 
 
Future investigations will continue to highlight relationships between ionic liquid structure, 
cellulose solubility, and the prevalence of decomposition pathways occurring between the 
solvent and solute. Nevertheless, chloride ionic liquids can be expected to find increasing 
and widespread use in lignocellulosic biomass processes in light of these insights.  
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Chapter 8 
Procedures 
 
 
8.1   General synthetic procedures 
 
All reactions requiring an inert atmosphere were carried out under a blanket of nitrogen 
gas, dried through a column of phosphorus pentoxide (P2O5). All commercially acquired 
chemicals were obtained from Sigma-Aldrich, and were used without further purification, 
unless otherwise stated. Where employed, all cellulose was “Sigmacell” cellulose, with a 
degree of polymerisation (DP) of ~ 450. Anhydrous solvents were dried through an HPLC 
column on an ‘Innovative Technology Inc.’ solvent purification system. NMR spectra were 
recorded on ‘Bruker Avance-400’ (1H, 400 MHz; 13C {1H}, 100 MHz; 19F, 376 MHz; 7Li, 
156 MHz) NMR spectrometers. 1H and 13C chemical shifts (δ) are reported downfield of 
tetramethylsilane, (Si(CH3)4), in units of ppm (referenced against the DMSO-d6 residual 
peak). No reference standard was used for 19F or 7Li NMR experiments. IR spectra were 
measured using a ‘Perkin Elmer spectrum 100’ FTIR spectrometer, employing an ATR 
inset with a diamond crystal. LSIMS mass spectra were obtained with a ‘Micromass 
AutoSpec Premier’ mass spectrometer. Melting point measurements were carried out on 
a ‘Stanford Research Systems’ ‘OptiMelt’ automated melting point system, with a heating 
rate of 1 °C min-1. Melting point values are uncorrected. Elemental analysis experiments 
were carried out by the London Metropolitan University service. Where ‘vacuum’/‘high 
vacuum’ is employed for drying or reactions, the pressure achieved was between 0.1 and 
0.01 mbar. 
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8.2   Thermogravimetric Analysis (TGA, TGA-MS) procedures 
 
8.2.1   Thermogravimetric Analysis (TGA) procedures 
 
Thermogravimetric Analysis (TGA) spectra were obtained on a PerkinElmer ‘Pyris 1 TGA’ 
Thermogravimetric Analyser, using platinum sample pans of 6 mm diameter. A carrier 
gas (nitrogen in all experiments, unless otherwise mentioned) flow rate of 20 ml min-1 was 
used for all TGA experiments.  
 
Temperature-ramped TGA experiments were carried out typically in the range of 30 - 700 
°C. Between 4 - 8 mg of the ionic liquid was carefully measured into the platinum pan. 
Ionic liquids were dried thoroughly under high vacuum prior to TGA measurement. 
However, during the transferal of the hygroscopic ionic liquid into the TGA pan, a small 
quantity of water (≤ 5 weight %) would be absorbed from the atmosphere. A drying 
procedure was therefore implemented: the ionic liquid was heated to 80 °C for 30 minutes 
in the TGA apparatus, in order to remove water. The drying procedure was justified since 
the Tonset decomposition temperature of each compound is substantially higher (> 90 °C) 
than the 80 °C drying temperature, and the drying period is short. Therefore, actual de-
composition of each ionic liquid during the drying period will be negligible. The compound 
was then cooled to room temperature before resetting the sample weight and starting the 
scan. A ramping rate of 10 °C min-1 and a flow gas rate of 20 ml min-1 were employed. 
Experiments were typically performed in triplicate; Tonset temperatures for the repeat ex-
periments fall within ± 2 °C of the original measurement for each compound. 
 
Isothermal TGA experiments were conducted on 6 - 8 mg of the ionic liquid. A longer dry-
ing period of 2 hours at 90 °C was employed. This drying period was justified based on 
several observations: (i) The Tonset temperatures each investigated ionic liquid were found 
to be > 210 °C, significantly higher than the drying temperature; (ii) the investigated ionic 
liquids were held at 90 °C for 72 hours during a test experiment. For each ionic liquid, a 
sharp loss of weight was observed in the first two hours, assigned to loss of water, fol-
lowed by extremely slow weight loss in the remaining 70 hours (< 0.035% per hour). (iii) 
1H NMR spectra of ionic liquids [C2C1im][OAc] and [C2C1C12im][OAc] were unchanged 
following the 72-hour test experiments (Fig. 8.1, below). Therefore thermal decomposition 
of each ionic liquid during the two-hour drying period is negligible. The sample was then 
heated rapidly to the experiment temperature and maintained at this temperature for a 
period of 2 - 10 hours. All TGA data was processed in Microsoft Excel. Graphs were pre-
pared using the Origin Pro v. 8.5 package. 
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(a)  
(b)  
 
Fig 8.1   1H NMR spectra following the 72 hour/90 °C drying experiments: (a) [C2C1im][OAc], 3a; (b) 
[C2C1C12im][OAc], 14. Thermal decomposition of the ionic liquid during the two-hour drying period, 
therefore, is negligible. 1H NMR experiments were performed in a DMSO-d6 solvent. 
 
 
8.2.2   Thermogravimetric Analysis-Mass Spectrometry (TGA-MS) procedures 
 
Thermogravimetric Analysis-Mass Spectrometry (TGA-MS) experiments were performed 
on a PerkinElmer ‘Pyris 1 TGA’ thermogravimetric analyser using ceramic pans. Between 
20 - 60 mg of the ionic liquid was measured into the ceramic pan. Experiments were car-
ried out in the range of 30 - 700 °C. A heating rate of 10 °C min-1 and a CP Grade helium 
flow of 20 ml min-1 were employed. The TGA was connected to a ‘Hiden Analytical HPR 
20’ Mass Spectrometer via a heated ceramic capillary. Electron Ionisation (EI) mass 
spectrometry was employed, with an ionisation energy of 70 eV. All TGA-MS data was 
processed in Microsoft Excel. Graphs were prepared using the Origin Pro v. 8.5 package. 
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8.3   Differential Scanning Calorimetry procedures 
 
Differential Scanning Calorimetry (DSC) experiments were performed on a PerkinElmer 
‘Diamond DSC’ Differential Scanning Calorimeter, fitted with a PerkinElmer ‘Intracooler 
2P’ cooling accessory. Aluminium sample pans of diameter 7 mm were used. Between 1 
- 9 mg of the ionic liquid was measured into the aluminium pan. A small incision was then 
made in the tops of both the sample and reference pans. A drying procedure was imple-
mented: the sample pan was heated to 100 °C for 30 minutes in the calorimeter, to re-
move water. The sample pan was then quickly re-weighed, in order to determine the dry 
weight of the ionic liquid. The sample pan and reference pan were then replaced into the 
calorimeter, and the experiment was initiated under the following programme: 
 
• Isothermal at 30 °C for 1 minute; 
• Heat from 30 °C to 410 °C at a rate of 2.5 °C min-1; 
• Cool from 410 °C to 30 °C at a rate of 20 °C min-1; 
• Isothermal at 30 °C for 15 minutes; 
• Heat from 30 °C to 410 °C at a rate of 2.5 °C min-1. 
 
DSC traces were superimposed with a temperature-ramped TGA thermograph of the 
same ionic liquid, measured with the same heating rate of of 2.5 °C min-1. All other TGA 
parameters were as recorded in section 8.2.1. All DSC data was processed in Microsoft 
Excel. Graphs were prepared using the Origin Pro v. 8.5 package. 
 
8.4   HPLC procedures 
 
HPLC experiments were performed on an ‘Agilent 1100 Series’ HPLC spectrometer, 
using a mobile phase of 60:40 vol/vol H2O/MeCN + 0.2 mol. % H3PO4, and an injection 
volume of 6 µl. Samples were prepared by diluting 0.06 ± 0.02 g of the ionic liquid/sugar 
mixture in 25 ml of the mobile phase solution, in a volumetric flask. Vials were then 
prepared using approximately 1 ml of this solution. Absolute concentration, in units of 
weight %, of known 1-ethyl-3-methylimidazolium, [C2C1im]+, 1-butyl-3-methylimidazolium, 
[C4C1im]+, 1-ethyl-2-(hydroxymethyl)-3-methylimidazolium, [C2C1(HO)C12im]+ and 1-butyl-
2-(hydroxymethyl)-3-methylimidazolium, [C4C1(HO)C12im]+, cations were determined from 
pre-generated calibration curves. For all other species observed by HPLC, and without 
calibration data, the percentage of that peak relative to the total integration of HPLC 
peaks is quoted, as the ‘HPLC %’. 
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8.5   LCMS procedures 
 
LCMS spectra were obtained on a ‘Sielc’ brand ‘Primesep 200’ (250 mm x 3.2 mm) HPLC 
column. A mobile phase of 80:20 vol/vol H2O + 0.1 % HCO2H/MeCN, a flow rate of 0.8 ml 
min-1, and a temperature of 40 °C were employed. Eluent peaks were analysed with elec-
trospray ionisation (ESI) mass spectrometry. 
 
8.6   Water measurements 
 
Water content measurements were carried out on a ‘Metrohm 787 Titrino’ Karl Fischer 
titrometer, with an integrated ‘Metrohm 703 Ti Stand’. Typically, 0.2 ± 0.1 g of the material 
was titrated against a ‘Hydranal® Composite 5’ solution. Water contents were recorded in 
units of wt%. The accuracy of the Karl Fischer apparatus was evaluated by performing a 
triplicate measurement of a 1 wt% water standard; the reading was 0.996 ± 0.001 wt%. 
      
8.7   Acid Number measurements 
 
Acid numbers, in units of mmol H+/Kg ionic liquid (‘IL’), were measured on a ‘Metrohm 
848 Titrino Plus’ titrometer with integrated ‘Metrohm 804 Ti Stand’. Samples of 0.2 ± 0.1 g 
were titrated against tetrabutylammonium hydroxide [(C4)4N][OH] (0.1 mol/L in isopropan-
ol/methanol). 
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8.8   Synthesis of ionic liquids and intermediates 
 
 
 
 
 
 
 
 
 
Fig. 8.2   Graphical representation of the ionic liquid syntheses described below, via alkylation, ion 
metathesis/exchange, and neutralisation reactions. Numbers in parentheses refer to numbering of 
the compounds used throughout. 
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8.8.1   1-Ethyl-3-methylimidazolium bromide 
1-Ethyl-3-methylimidazolium bromide (1). Freshly distilled bromoethane (190 ml, 2.50 
mol) was added dropwise (slowly) to freshly distilled 1-methylimidazole (190 ml, 2.38 mol) 
overnight, under a nitrogen atmosphere and with vigorous stirring. During this time, a 
white solid formed. The solid was recrystallised from 60:40 MeCN/EtOAc (300 ml), and 
the residual solution was carefully decanted off. The solid was washed with Et2O (3 x 150 
ml), and was recrystallised a further time from 80:20 MeCN/EtOAc (300 ml). The residual 
solution was carefully decanted off, and the solid was dried under vacuum to yield 1-
ethyl-3-methylimidazolium bromide (279 g, 61%) as a white crystalline solid.  
Found: m.p. 70.0 - 72.0 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.16 (1H, s), 7.80 (1H, t, J 
= 2 Hz), 7.71 (1H, t, J = 2 Hz), 4.19 (2H, q, J = 7 Hz), 3.85 (3H, s), 1.41 (3H, t, J = 7 Hz). 
13C {1H} NMR (100 MHz, DMSO-d6): δ 136.2, 123.5, 122.0, 44.1, 35.7, 15.1. ν(neat)/cm-1 
3143 3070 (aromatic C-H stretch, m), 2987 (aliphatic C-H stretch, m), 1570 (arom. ring 
def., m). m/z (LSIMS+): 111 (100%) [C2C1im]+. m/z (LSIMS-): 46 (100%) [EtOH]-, 80 
(83%) [H-Br]-, 81 (48%) [81Br]-, 79 (47%) [79Br]-. Calc. for C6H11BrN2: C, 37.72; H, 5.80; N, 
14.66%. Found: C, 37.69; H, 5.82; N, 14.52%. 
 
8.8.2   1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (2). 1-Ethyl-3-methyl-
imidazolium bromide (1) (25.0 g, 130 mmol) and lithium bis(trifluoromethanesulfonyl)-
imide (40.0 g, 139 mmol) were weighed into a 250 ml round-bottomed flask, and 
deionized water (100 ml) was added. The solution was stirred at room temperature for 2 
h, during which time a biphasic solution had formed. The solution was transferred into a 
separating funnel, and the layers were separated. The lower ionic liquid layer was 
washed with deionized water (2 x 75 ml) and was dried under vacuum at 50 °C overnight, 
to yield 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (42.6 g, 83%) as a 
colourless liquid.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 8.10 (1H, s), 7.77 (1H, t, J = 2 Hz), 7.68 (1H, t, 
J = 2 Hz), 4.18 (2H, q, J = 8 Hz), 3.84 (3H, s), 1.41 (3H, t, J = 8 Hz). 13C {1H} NMR (100 
MHz, DMSO-d6): δ 136.2, 123.6, 122.0, 119.5, 44.1, 35.7, 15.1. 19F NMR (376 MHz, 
DMSO-d6): δ -100.0. ν(neat)/cm-1 3159 (aromatic C4-H/C5-H stretch, m), 3127 (aromatic 
C2-H stretch, m), 2995 (aliphatic C-H stretch, m), 1576 (arom. ring def., m), 1330 (asym. 
S=O stretch, s), 1132 (sym. S=O stretch, m).1 m/z (ES+): 111 (100%) [C2C1im]+. m/z (ES-
): 280 (100%) [NTf2]-. Calc. for C8H11F6N3O4S2: C, 24.55; H, 2.83; N, 10.74%. Found: C, 
24.61; H, 2.86; N, 10.75%. 
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8.8.3   1-Ethyl-3-methylimidazolium acetate 
 
Four distinct samples of ionic liquid 1-ethyl-3-methylimidazolium acetate were employed 
throughout this investigation, of which three were prepared in our laboratory and one was 
obtained commercially. Syntheses and characterisation are described below. 
 
1-Ethyl-3-methylimidazolium acetate (3a). 1-Ethyl-3-methylimidazolium bromide (1) 
(15.00 g, 79 mmol) and silver acetate (13.17 g, 79 mmol) were carefully weighed into a 
100 ml round-bottomed flask, and the flask was wrapped in aluminium foil to prevent 
photodegradation of the silver acetate. Deionized water (50 ml) was added, and the 
solution was stirred at room temperature for three days, during which time a yellow/green 
precipitate formed. The solution was filtered through a sintered glass funnel. The solution 
was tested for the presence of excess Ag+ or Br- as follows: one or two drops of the 
impure aqueous ionic liquid solution were added to two glass vials, and both were diluted 
with deionized water (1 ml). To the first vial was added a few drops of 1M aqueous HCl, 
and to the other a few drops of 1M aqueous silver nitrate. The tests indicated that there 
was a slight excess of Ag+. Aqueous solutions of 1-ethyl-3-methylimidazolium bromide 
and silver acetate were added dropwise to the acetate ionic liquid, alternately with 
stirring, until no further precipitate formation was observed. The opaque solution was 
filtered, giving a colourless, clear solution, which tested negative with both 1M aqueous 
HCl and 1M aqueous silver nitrate. The water was removed by rotary evaporation, and 
the product was dried at 50 °C under vacuum, to give 1-ethyl-3-methylimidazolium 
acetate (11.40 g, 85%) as a colourless viscous liquid.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.98 (1H, s), 7.86 (1H, t, J = 2 Hz), 7.77 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 8 Hz), 3.87 (3H, s), 1.55 (3H, s), 1.40 (3H, t, J = 8 Hz). 13C {1H} 
NMR (100 MHz, DMSO-d6): δ 172.6, 137.2, 123.5, 121.9, 44.0, 35.6, 26.4, 15.2. 
ν(neat)/cm-1 3147 3072 (aromatic C-H stretch, w), 2981 (aliphatic C-H stretch, m), 1559 
(C=O stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (68%) [C1Him]+, 69 (8%) 
[H2im]+. m/z (LSIMS-): 27 (100%), 36 (93%), 80 (12%) [Na-OAc]-, 59 (8%) [OAc]-. 
 
1-Ethyl-3-methylimidazolium acetate (3b). Barium hydroxide octahydrate (37.9 g, 120 
mmol) was added to deionized water (500 ml), and the solution was heated at 70 oC for 1 
h. Separately, 1-ethyl-3-methylimidazolium hydrogen sulfate (19) (25.0 g, 120 mmol) was 
diluted with an equal volume of deionized water, and this aqueous solution was added 
dropwise to the hot aqueous barium hydroxide solution over five minutes, whereupon a 
white precipitate formed. The mixture was heated at 70 °C for a further 1 h. The mixture 
was cooled to room temperature and refrigerated for a minimum of 30 minutes, to 
encourage all barium sulfate to precipitate out. The cold solution was filtered, generating 
an aqueous solution of 1-ethyl-3-methylimidazolium hydroxide. This basic solution was 
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treated with acetic acid (~ 7.2 g, 120 mmol), until the pH of the solution had reached ca. 
7. The water was removed by rotary evaporation and the ionic liquid was filtered to 
remove small quantities of solid material. The ionic liquid was dried under high vacuum at 
50 °C. The coloured product was treated with decolorizing charcoal, and stirred at 50 °C 
for three days. The solution was cooled to room temperature, and the product was filtered 
through silica to remove the charcoal. The product was dried under high vacuum to yield 
1-ethyl-3-methylimidazolium acetate (14.3 g, 70%) as a colourless viscous liquid. 
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.90 (1H, s), 7.84 (1H, t, J = 2 Hz), 7.75 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 7 Hz), 3.86 (3H, s), 1.54 (3H, s), 1.40 (3H, t, J = 7 Hz). 13C {1H} 
NMR (100 MHz, DMSO-d6): δ 172.8, 137.3, 123.5, 121.9, 44.0, 35.5, 26.3, 15.2. 
ν(neat)/cm-1 3144 3043 (aromatic C-H stretch, w), 2977 (aliphatic C-H stretch, m), 1559 
(C=O stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (4%) [C1Him]+. m/z (LSIMS-) : 
59 (100%) [OAc]-. Calc. for C8H14N2O2: C, 56.45; H, 8.29; N, 16.46%. Found: C, 56.33; H, 
8.27; N, 16.39%. 
 
1-Ethyl-3-methylimidazolium acetate (3c). The ionic liquid was acquired from BASF 
Basionics© as a red viscous liquid, and used as received.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.96 (1H, s), 7.85 (1H, t, J = 2 Hz), 7.76 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 8 Hz), 3.86 (3H, s), 1.55 (3H, s), 1.40 (3H, t, J = 8 Hz). 
ν(neat)/cm-1 3141 3034 (aromatic C-H stretch, w), 2975 (aliphatic C-H stretch, m), 1559 
(C=O stretch, s). 
 
1-Ethyl-3-methylimidazolium acetate (3d). To a large sintered glass funnel was added 
‘Ambersep® 900 hydroxide form’ ion exchange resin (8 kg, equivalent to 9.6 mol [OH]-). A 
5 L dropping funnel was positioned above the sintered glass funnel, and charged with 
deionized water. Deionized water was passed through the resin and collected into a 
waste container, until the eluent had become neutral (pH 7). Subsequently, an aqueous 
ionic liquid solution was prepared by mixing 1-ethyl-3-methylimidazolium ethyl sulfate 
(1.70 Kg, 7.19 mol) with deionized water (1.7 L), in the dropping funnel. This solution was 
passed through the ion exchange column, collecting all alkaline material in three aliquots 
of ca. 5 L. Purities and crude concentrations of the aliquots were determined using HPLC. 
The second and third aliquots were found to contain impurities, and were discarded. In 
order to determine accurate concentrations of the first aliquot, titrations were performed 
against 1M aqueous HCl, neat acetic acid, and neat methanesulfonic acid. The 
concentration was found to be 0.33 mol dm-3. This fraction contained aqueous 1-ethyl-3-
methylimidazolium hydroxide (1.8 mol, 25%), as a pale yellow/colourless solution. A 
portion of this aqueous 1-ethyl-3-methylimidazolium hydroxide (0.33 mol dm-3, 3.00 Kg, 
0.97 mol) was neutralized by careful addition of acetic acid (55.5 ml, 0.97 mol). The water 
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was removed by rotary evaporation to yield 1-ethyl-3-methylimidazolium acetate (157 g, 
95%) as a yellow viscous liquid.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.96 (1H, s), 7.87 (1H, t, J = 2 Hz), 7.78 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 7 Hz), 3.87 (3H, s), 1.57 (3H, s), 1.39 (3H, t, J = 7 Hz). 13C {1H} 
NMR (100 MHz, DMSO-d6): δ 172.3, 136.7, 123.5, 121.9, 44.1, 35.6, 26.4, 15.2. m/z 
(LSIMS+): 111 (100%) [C2C1im]+, 69 (11%) [H2im]+, 83 (8%) [C1Him]+. m/z (LSIMS-): 59 
(100%) [OAc]-, 230 (37%) {[C2C1im][OAc]2}-. Calc. for C8H14N2O2: C, 56.45; H, 8.29; N, 
16.46%. Found: C, 56.32; H, 8.41; N, 16.38%. 
 
General procedure for carboxylate ionic liquids 4-7, 8a, 9-11: 
 
Ionic liquids 4-7, 8a, 9-11 were prepared in the following manner. For brevity and to avoid 
unnecessary repetition, this procedure is listed just once.  
 
Barium hydroxide octahydrate (1 equiv.) was added to deionized water (10 ml per 1 g of 
barium hydroxide octahydrate), and the solution was heated at 70 °C for 1 h. Separately, 
1-ethyl-3-methylimidazolium hydrogen sulfate (14) (1 equiv.) was diluted with an equal 
volume of deionized water, and this aqueous solution was added dropwise to the hot 
aqueous barium hydroxide solution over five minutes, whereupon a white precipitate 
formed. The mixture was heated at 70 °C for a further 1 h. The mixture was cooled to 
room temperature and refrigerated for a minimum of 30 minutes, to encourage all barium 
sulfate to precipitate out. The cold solution was filtered, generating an aqueous solution 
of 1-ethyl-3-methylimidazolium hydroxide. This basic solution was treated with the 
conjugate carboxylic acid H[A] (1 equiv.), until the pH of the solution had reached ca. 7. 
The water was removed by rotary evaporation and the ionic liquid was filtered to remove 
small quantities of solid material. The ionic liquid was dried under high vacuum at 50 °C. 
 
8.8.4   1-Ethyl-3-methylimidazolium trifluoroacetate 
1-Ethyl-3-methylimidazolium trifluoroacetate (4). The product was prepared according to 
the general procedure described above, and was collected as a pale yellow viscous liquid 
(4.04 g, 75%). 
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.16 (1H, s), 7.79 (1H, t, J = 2 Hz), 7.71 (1H, t, 
J = 2 Hz), 4.19 (2H, q, J = 7 Hz), 3.84 (3H, s), 1.41 (3H, t, J = 7 Hz). 13C {1H} NMR (100 
MHz, DMSO-d6): δ 136.3, 123.6, 122.0, 118.9, 115.9, 44.1, 35.7, 15.1. 19F NMR (376 
MHz, DMSO-d6): δ -73.4. ν(neat)/cm-1 3154 3085 (aromatic C-H stretch, w), 2993 
(aliphatic C-H stretch, m), 1683 (C=O stretch, s), 1574 (arom. ring def., m). m/z (LSIMS+): 
111 (100%) [C2C1im]+, 83 (4%) [C1Him]+. m/z (LSIMS-): 113 (100%) [CF3CO2]-, 69 (9%) 
[CF3]-. Calc. for C8H11F3N2O2: C, 42.86; H, 4.95; N, 12.50%. Found: C, 41.96; H, 5.09; N, 
12.43%. 
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8.8.5   1-Ethyl-3-methylimidazolium difluoroacetate 
1-Ethyl-3-methylimidazolium difluoroacetate (5). The product was prepared according to 
the general procedure described above, and was collected as a colourless viscous liquid 
(3.37 g, 43%).  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.30 (1H, s), 7.79 (1H, t, J = 2 Hz), 7.71 (1H, t, 
J = 2 Hz), 5.49 (1H, t, J = 55 Hz), 4.19 (2H, q, J = 7 Hz), 3.85 (3H, s), 1.41 (3H, t, J = 7 
Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 137.0, 124.0, 122.4, 111.1, 44.5, 36.1, 15.6. 
19F NMR (376 MHz, DMSO-d6): δ -120.8. ν(neat)/cm-1 3148 3073 (aromatic C-H stretch, 
w), 2984 (aliphatic C-H stretch, m), 1640 (C=O stretch, s), 1570 (arom. ring def., m). m/z 
(LSIMS+): 111 (100%) [C2C1im]+, 83 (41%) [C1Him]+, 69 (16%) [H2im]+. m/z (LSIMS-): 95 
(100%) [CHF2CO2]-. Calc. for C8H12F2N2O2: C, 46.60; H, 5.87; N, 13.59%. Found: C, 
46.53; H, 5.96; N, 13.52%. 
 
8.8.6   1-Ethyl-3-methylimidazolium butyrate 
1-Ethyl-3-methylimidazolium butyrate (6). The product was prepared according to the 
general procedure described above, and was collected as a pale yellow odiferous viscous 
liquid (14.02 g, 74%).  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.79 (1H, s), 7.82 (1H, t, J = 2 Hz), 7.73 (1H, t, 
J = 2 Hz), 4.20 (2H, q, J = 8 Hz), 3.86 (3H, s), 1.75 (2H, t, J = 8 Hz), 1.44-1.32 (5H, m), 
0.78 (3H, t, J = 8 Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 175.1, 137.4, 123.5, 121.9, 
44.0, 41.4, 35.5, 19.9, 15.2, 14.6. ν(neat)/cm-1 3147 3070 (aromatic C-H stretch, w), 2958 
2871 (aliphatic C-H stretch, m), 1557 (C=O stretch, s). m/z (LSIMS+): 111 (100%) 
[C2C1im]+, 83 (6%) [C1Him]+. m/z (LSIMS-): 87 (100%) [CH3(CH2)2CO2]-. Calc. for 
C10H18N2O2: C, 60.58; H, 9.15; N, 14.13%. Found: C, 60.40; H, 9.26; N, 14.01%. 
 
8.8.7   1-Ethyl-3-methylimidazolium hexanoate 
1-Ethyl-3-methylimidazolium hexanoate (7). The product was prepared according to the 
general procedure described above, and was collected as a yellow viscous liquid (0.70 g, 
26%).  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.69 (1H, s), 7.81 (1H, t, J = 2 Hz), 7.72 (1H, t, 
J = 2 Hz), 4.20 (2H, q, J = 8 Hz), 3.86 (3H, s), 1.75 (2H, t, J = 8 Hz), 1.45-1.31 (5H, m), 
1.28-1.09 (4H, m), 0.83 (3H, t, J = 7 Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 175.0, 
137.1, 123.5, 121.9, 44.0, 35.6, 32.0, 26.5, 26.2, 22.3, 15.2, 14.1. ν(neat)/cm-1 3141 3071 
(aromatic C-H stretch, m), 2956 2930 2873 2859 (aliphatic C-H stretch, w), 1558 (C=O 
stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (6%) [C1Him]+. m/z (LSIMS-): 115 
(100%) [CH3(CH2)4CO2]-. Due to the highly hygroscopic nature of the salt, an accurate 
elemental analysis could not be obtained. 
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8.8.8   1-Ethyl-3-methylimidazolium octanoate 
 
Two distinct samples of the ionic liquid 1-ethyl-3-methylimidazolium octanoate were 
employed throughout this investigation, of which one was prepared in our laboratory and 
one was obtained commercially. Synthesis and characterisation are described below. 
 
1-Ethyl-3-methylimidazolium octanoate (8a). The product was prepared according to the 
general procedure described above, and was collected as a pale yellow viscous liquid 
(6.20 g, 51%).  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.69 (1H, s), 7.81 (1H, t, J = 1 Hz), 7.72 (1H, t, 
J = 1 Hz), 4.20 (2H, q, J = 7 Hz), 3.86 (3H, s), 1.75 (2H, t, J = 7 Hz), 1.45-1.31 (5H, m), 
1.30-1.11 (8H, m), 0.85 (3H, t, J = 7 Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 175.0, 
137.1, 123.5, 121.9, 44.0, 35.6, 31.5, 29.6, 28.9, 26.8, 22.2, 15.2, 14.0. ν(neat)/cm-1 3147 
3057 (aromatic C-H stretch, m), 2957 2924 2873 2854 (aliphatic C-H stretch, w), 1559 
(C=O stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (37%) [C1Him]+, 69 (31%) 
[H2im]+. m/z (LSIMS-): 143 (100%) [CH3(CH2)6CO2]-. Due to the highly hygroscopic nature 
of the salt, an accurate elemental analysis could not be obtained. 
 
1-Ethyl-3-methylimidazolium octanoate (8b). The ionic liquid was acquired from BASF 
Basionics© as a yellow viscous liquid, and was used as received.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.81 (1H, s), 7.82 (1H, t, J = 2 Hz), 7.73 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 7 Hz), 3.86 (3H, s), 1.76 (2H, t, J = 7 Hz), 1.43-1.33 (5H, m), 
1.28-1.15 (8H, m), 0.85 (3H, t, J = 7 Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 175.1, 
137.2, 123.5, 121.9, 44.0, 35.5, 31.4, 29.6, 28.9, 26.8, 22.1, 15.2, 14.0. Due to the highly 
hygroscopic nature of the salt, an accurate elemental analysis could not be obtained. 
 
8.8.9   1-Ethyl-3-methylimidazolium palmitate 
1-Ethyl-3-methylimidazolium palmitate (9). The product was prepared according to the 
general procedure described above. Due to the surfactant-like behaviour of the palmitate 
anion, rotary evaporation of the water was difficult and caused substantial effervescence. 
Instead, a small quantity of the product precipitated out of the aqueous solution overnight. 
The product was collected as a white waxy solid (0.5 g, 6%). 
Found: m.p. 47.0 - 49.0 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.40 (1H, s), 7.78 (1H, s), 
7.70 (1H, s), 4.19 (2H, q, J = 7 Hz), 3.84 (3H, s), 1.80 (2H, t, J = 7 Hz), 1.46-1.30 (4H, m), 
1.30-1.10 (25H, m), 0.85 (3H, t, J = 6 Hz). 13C {1H} NMR (100 MHz, DMSO-d6): δ 136.7, 
123.6, 122.0, 44.1, 35.7, 31.3, 29.2, 29.2, 29.1, 29.1, 28.8, 22.1, 15.2, 14.0. ν(neat)/cm-1 
3150 3092 (aromatic C-H stretch, w), 2956 2916 2849 (aliphatic C-H stretch, s), 1563 
(C=O stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+, 88 (39%), 83 (30%) [C1Him]+, 69 
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(19%) [H2im]+. m/z (LSIMS-): 255 (100%) [CH3(CH2)14CO2]-. Calc. for C22H42N2O2: C, 
72.08; H, 11.55; N, 7.64%. Found: C, 71.95; H, 11.60; N, 7.54%. 
 
8.8.10   1-Ethyl-3-methylimidazolium pivalate 
1-Ethyl-3-methylimidazolium pivalate (10). The product was prepared according to the 
general procedure described above, and was collected as a colourless, highly viscous 
liquid, which partially solidified upon cooling (3.77 g, 53%).  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.79 (1H, s), 7.82 (1H, t, J = 2 Hz), 7.73 (1H, t, 
J = 2 Hz), 4.21 (2H, q, J = 8 Hz), 3.86 (3H, s), 1.41 (3H, t, J = 7 Hz), 0.93 (9H, s). 13C {1H} 
NMR (100 MHz, DMSO-d6): δ 137.2, 123.5, 121.9, 109.5, 44.0, 38.6, 35.6, 29.3, 15.2. 
ν(neat)/cm-1 3144 3057 (aromatic C-H stretch, w), 2946 2861 (aliphatic C-H stretch, m), 
1552 (C=O stretch, s). m/z (LSIMS+): 111 (100%) [C2C1im]+ 83 (5%) [C1Him]+. m/z 
(LSIMS-): 101 (100%) [C(CH3)3CO2]-. Calc. for C11H20N2O2: C, 62.23; H, 9.50; N, 13.20%. 
Found: C, 62.13; H, 9.62; N, 13.18%. 
 
8.8.11   1-Ethyl-3-methylimidazolium cyclopropanecarboxylate 
1-Ethyl-3-methylimidazolium cyclopropanecarboxylate (11). The product was prepared 
according to the general procedure described above, and was collected as a pale yellow 
highly viscous liquid (8.46 g, 90%). 
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.68 (1H, s), 7.81 (1H, s), 7.72 (1H, s), 4.20 
(2H, q, J = 7 Hz), 3.86 (3H, s), 1.40 (3H, t, J = 7 Hz), 1.01 (1H, m), 0.38 (2H, m), 0.22 
(2H, m). 13C {1H} NMR (100 MHz, DMSO-d6): δ 175.4, 137.0, 123.5, 121.9, 44.0, 35.6, 
16.3, 15.2, 5.1. ν(neat)/cm-1 3140 (aromatic C-H stretch, w), 3003 2867 (aliphatic C-H 
stretch, m), 1555 (C=O stretch, s). m/z (LSIMS+): 133 (100%) [C2C1im + Na]+, 111 (8%) 
[C2C1im]+. m/z (LSIMS-): 85 (100%) [(c-C3H5)CO2]-. Calc. for C10H16N2O2: C, 61.20; H, 
8.22; N, 14.27%. Found: C, 61.09; H, 8.35; N, 14.19%. 
 
8.8.12   1-Ethyl-3-methylimidazolium thioacetate 
1-Ethyl-3-methylimidazolium thioacetate (12). The procedure was identical as for ionic 
liquids 4-7, 8a, 9-11 up to and including the point of removing barium sulfate by filtration. 
Additional measures were then taken to prevent hydrolysis of the thioacetate anion: the 
aqueous solution of 1-ethyl-3-methylimidazolium hydroxide was reduced to approximately 
25% of the original volume by rotary evaporation of water. The concentrated basic 
solution was cooled to approximately 0 °C in an ice bath, and was treated with thioacetic 
acid (ca. 1.83 g, 24 mmol), until the pH of the solution had reached ca. 7. The remaining 
water was removed under high vacuum, and the ionic liquid was filtered to remove small 
quantities of solid material. The ionic liquid was further dried under high vacuum at room 
temperature. The product was collected as a yellow odiferous viscous liquid (3.30 g, 
74%), and was refrigerated at 4 °C. 
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Found: 1H NMR (400 MHz, DMSO-d6): δ 9.26 (1H, s), 7.80 (1H, s), 7.71 (1H, s), 4.20 
(2H, q, J = 7 Hz), 3.85 (3H, s), 2.11 (3H, s), 1.41 (3H, t, J = 7 Hz). 13C {1H} NMR (100 
MHz, DMSO-d6): δ 211.5, 136.4, 123.5, 121.9, 44.1, 35.7, 15.1. ν(neat)/cm-1 3144 3063 
(aromatic C-H stretch, w), 2979 2873 (aliphatic C-H stretch, m), 1531 (C=O stretch, s). 
m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (14%) [C1Him]+, 69 (25%) [H2im]+. m/z (LSIMS-): 
75 (100%) [SAc]-. Due to the gradual room-temperature decomposition of the ionic liquid, 
an accurate elemental analysis could not be obtained. 
 
8.8.13   1-Ethyl-2,3-dimethylimidazolium bromide 
1-Ethyl-2,3-dimethylimidazolium bromide (13). Freshly distilled 1,2-dimethylimidazole 
(18.50 g, 192 mmol) was diluted in dry toluene (150 ml) in a three-necked 500 ml round-
bottomed flask fitted with a dropping funnel and a thermometer. The dropping funnel was 
charged with freshly distilled bromoethane (21.9 g, 201 mmol). The bromoethane was 
added dropwise to the toluene solution over 20 minutes with vigorous stirring, at room 
temperature and under a nitrogen atmosphere. The solution was stirred vigorously 
overnight. During this time, a white solid formed. The solution was allowed to settle, and 
the solvent was carefully decanted off. The white solid was washed with toluene (3 x 100 
ml), and was dried under high vacuum. The crude product was recrystallised from 50:50 
MeCN/EtOAc (250 ml) to yield 1-ethyl-2,3-dimethylimidazolium bromide (7.3 g, 18%) as a 
white crystalline solid. 
Found: m.p. 138 - 140 °C. 1H NMR (400 MHz, DMSO-d6): δ 7.69 (1H, d, J = 2 Hz), 7.65 
(1H, d, J = 2 Hz), 4.15 (2H, q, J = 8 Hz), 3.75 (3H, s), 2.59 (3H, s), 1.33 (3H, t, J = 7 Hz). 
13C {1H} NMR (100 MHz, DMSO-d6): δ 144.1, 122.4, 120.3, 42.8, 34.7, 14.9, 9.1. 
ν(neat)/cm-1 3445, 3383 (aromatic C-H stretch, m), 3120 3092 (aliphatic C-H stretch, w). 
m/z (LSIMS+): 125 (100%) [C2C1C12im]+, 97 (18%) [C1C1Him]+. m/z (LSIMS-): 81 (100%) 
[81Br]-, 79 (94%) [79Br]-. Calc. for C7H13BrN2: C, 40.99; H, 6.39; N, 13.66%. Found: C, 
40.92; H, 6.50; N, 13.74%. 
 
8.8.14   1-Ethyl-2,3-dimethylimidazolium acetate 
1-Ethyl-2,3-dimethylimidazolium acetate (14). 1-Ethyl-2,3-dimethylimidazolium bromide 
(13) (4.00 g, 19 mmol) and silver(I) acetate (3.25 g, 19 mmol) were carefully weighed into 
a 100 ml round-bottomed flask, and the flask was wrapped in aluminium foil to prevent 
photodegradation of the silver(I) acetate. Deionized water (60 ml) was added, and the 
solution was stirred at room temperature overnight, during which time a yellow/green 
precipitate formed. The solution was filtered, giving a colourless, clear solution. The water 
was removed by rotary evaporation, and the product was dried at 50 °C under vacuum to 
give a pale yellow viscous liquid that solidified upon cooling. The crude product was 
recrystallised from 50:50 MeCN/EtOAc (12 ml) to yield 1-ethyl-2,3-dimethylimidazolium 
acetate (1.12 g, 31%) as an off-white crystalline solid. 
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Found: m.p. 90.0 - 92.0 °C. 1H NMR (400 MHz, DMSO-d6): δ 7.74 (1H, d, J = 2 Hz), 7.70 
(1H, d, J = 2 Hz), 4.15 (2H, q, J = 7 Hz), 3.76 (3H, s), 2.59 (3H, s), 1.48 (3H, s), 1.32 (3H, 
t, J = 7 Hz, f). 13C {1H} NMR (100 MHz, DMSO-d6): δ 172.0, 144.0, 122.5, 120.4, 42.7, 
34.6, 26.5, 14.9, 9.0. ν(neat)/cm-1 3135 (aromatic C-H stretch, m), 2982 (aliphatic C-H 
stretch, m), 1567 (C=O stretch, s). m/z (LSIMS+): 125 (100%) [C2C1C12im]+, 97 (19%) 
[C1C1Him]+. m/z (LSIMS-): 59 (100%) [OAc]-. Due to the highly hygroscopic nature of the 
salt, an accurate elemental analysis could not be obtained. 
 
8.8.15   1-Ethyl-3-methylimidazolium methanesulfonate 
1-Ethyl-3-methylimidazolium methanesulfonate (15). To a large sintered glass funnel was 
added ‘Ambersep® 900 hydroxide form’ ion exchange resin (8 kg, equivalent to 9.6 mol 
of [OH]-). A 5 L dropping funnel was positioned above the sintered glass funnel, and 
charged with deionized water. Deionized water was passed through the resin and 
collected into a waste container, until the eluent had become neutral (pH 7). 
Subsequently, an aqueous ionic liquid solution was prepared by mixing 1-ethyl-3-
methylimidazolium ethyl sulfate (1.70 Kg, 7.19 mol) with deionized water (1.7 L), in the 
dropping funnel. This solution was passed through the ion exchange column, collecting 
all alkaline material in three aliquots of ca. 5 L. Purities and crude concentrations of the 
aliquots were determined using HPLC. The second and third aliquots were found to 
contain impurities, and were discarded. In order to determine accurate concentrations of 
the first aliquot, titrations were performed against 1M aqueous HCl, neat acetic acid, and 
neat methanesulfonic acid. The concentration was found to be 0.33 mol dm-3. This 
fraction contained aqueous 1-ethyl-3-methylimidazolium hydroxide (1.8 mol, 25%), as a 
pale yellow/colourless solution. A portion of this aqueous 1-ethyl-3-methylimidazolium 
hydroxide (0.33 mol dm-3, 3.00 Kg, 0.97 mol) was neutralized by careful addition of 
methanesulfonic acid (43 ml, 0.66 mol). The water was removed by rotary evaporation, 
followed by thin-film evaporation, to yield 1-ethyl-3-methylimidazolium methanesulfonate 
(109 g, 80%) as a pale yellow viscous liquid. The water content was measured as 0.16 
wt% by Karl Fischer titration.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.15 (1H, s), 7.79 (1H, t, J = 2 Hz), 7.71 (1H, t, 
J = 2 Hz), 4.19 (2H, q, J = 7 Hz), 3.85 (3H, s), 2.31 (3H, s), 1.41 (3H, t, J = 7 Hz). 13C {1H} 
NMR (100 MHz, DMSO-d6): δ 136.3, 123.6, 122.0, 44.1, 39.8, 35.7, 15.1. m/z (LSIMS+): 
111 (100%) [C2C1im]+, 69 (10%) [H2im]+, 83 (7%) [C1Him]+. m/z (LSIMS-): 95 (100%) 
[CH3SO3]-. Calc. for C7H14N2O3S: C, 40.76; H, 6.84; N, 13.58%. Found: C, 40.69; H, 6.91; 
N, 13.52%. 
 
8.8.16   1-Ethyl-3-methylimidazolium methyl sulfate 
1-Ethyl-3-methylimidazolium methyl sulfate (16). Freshly distilled 1-ethylimidazole (79.6 
g, 828 mmol) was diluted with dry toluene (300 ml) in a three-necked round-bottomed 
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flask fitted with a dropping funnel, thermometer and nitrogen line. Freshly distilled 
dimethyl sulfate (100.7 g, 798 mmol) was added dropwise over seven hours, under a 
nitrogen atmosphere, during which time a biphasic solution had formed. The solution was 
stirred at room temperature overnight, under a nitrogen atmosphere. The layers were 
separated, and the lower layer was washed with toluene (3 x 25 ml). The ionic liquid was 
dried under high vacuum to yield 1-ethyl-3-methylimidazolium methyl sulfate (171.1 g, 
96%) as a colourless viscous liquid. 
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.11 (1H, s), 7.78 (1H, s), 7.69 (1H, s), 4.19 
(2H, q, J = 7 Hz), 3.84 (3H, s), 3.37 (3H, s), 1.41 (3H, t, J = 7 Hz). 13C {1H} NMR (100 
MHz, DMSO-d6): δ 136.3, 123.6, 122.0, 52.8, 44.1, 35.7, 15.1. ν(neat)/cm-1 3152 3107 
(aromatic C-H stretch, m), 2988 2948 2833 (aliphatic C-H stretch, w), 1573 (arom. ring 
def., m), 1215 (asym. S=O stretch, s) 1003 (sym. S=O stretch, s). m/z (LSIMS+): 111 
(100%) [C2C1im]+, 83 (59%) [C1Him]+, 69 (9%) [H2im]+. m/z (LSIMS-): 147 (100%), 111 
(21%) [CH3SO4]-. Calc. for C7H14N2O4S: C, 37.83; H, 6.35; N, 12.60%. Found: C, 37.69; 
H, 6.38; N, 12.52%. 
 
8.8.17   1-Ethyl-3-methylimidazolium hydrogen sulfate 
1-Ethyl-3-methylimidazolium hydrogen sulfate (17). 1-Ethyl-3-methylimidazolium methyl 
sulfate (16) (57.5 g, 258 mmol) was diluted with deionized water (5 ml) in an open-topped 
three-necked round-bottomed flask fitted with dropping funnel and thermometer. Aqueous 
5M sulfuric acid (2 drops) was added. The solution was heated at 175 °C for 3 h with 
vigorous stirring, allowing water and generated methanol to boil off. Deionized water was 
dispensed dropwise from the dropping funnel, in order to maintain the temperature of 175 
°C. The solution was allowed to cool to room temperature, deionized water (50 ml) and 
decolorizing charcoal were added, and the slurry was stirred at 50 °C overnight. The 
slurry was filtered through silica gel, and the water was removed by rotary evaporation. 
The product was dried under high vacuum to yield 1-ethyl-3-methylimidazolium hydrogen 
sulfate (53.0 g, 98%) as a colourless highly-viscous liquid.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 9.15 (1H, s), 7.79 (1H, s), 7.70 (1H, s), 4.19 
(2H, q, J = 7 Hz), 3.84 (3H, s), 1.40 (3H, t, J = 7 Hz). 13C {1H} NMR (100 MHz, DMSO-
d6): δ 136.4, 123.6, 122.0, 44.1, 35.7, 15.2. ν(neat)/cm-1 3151 3106 (aromatic C-H 
stretch, m), 2984 (aliphatic C-H stretch, m), 1572 (arom. ring def., m), 1160 (asym. S=O 
stretch, s) 1021 (sym. S=O stretch, s) m/z (LSIMS+): 111 (100%) [C2C1im]+, 83 (80%) 
[C1Him]+, 69 (9%) [H2im]+. m/z (LSIMS-): 97 (100%) [HSO4]-. Calc. for C6H12N2O4S: C, 
34.61; H, 5.81; N, 13.45%. Found: C, 34.53; H, 5.84; N, 13.57%. 
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The ionic liquids 1-butyl-3-methylimidazolium chloride, 18, 1-butyl-3-methylimidazolium 
dimethyl phosphate, 19, 1-butyl-3-methylimidazolium trifluoromethanesulfonate, 20, and 
1-methyl-1,8-diazabicycloundecenium acetate, 21, were prepared according to known 
literature procedures.1 
 
 
8.8.18   Lithium potassium cesium acetate 
[Li]0.2[K]0.275[Cs]0.525[OAc] (22). Lithium acetate (2.62 g, 39.7 mmol), potassium acetate 
(5.36 g, 54.6 mmol) and cesium acetate (20.00 g, 104.2 mmol) were carefully weighed 
under an inert atmosphere into a 100 ml three-necked round-bottomed flask, fitted with a 
nitrogen inlet, stopper, and rubber septum. The solid salt compounds were mixed 
vigorously. The mixture was induced to melt by heating to 170 °C for 15 minutes under a 
nitrogen atmosphere, to yield the eutectic lithium potassium cesium acetate (27.98 g, 
100%) as a colourless, glassy liquid. Upon gradual cooling, the compound solidified into a 
colourless, glassy solid.  
Found: m.p. 116.0 - 118.0 °C (lit. 119 °C).2 1H NMR (400 MHz, DMSO-d6): δ 1.54 (3H, s). 
13C {1H} NMR (100 MHz, DMSO-d6): δ 109.5, 26.2. 7Li NMR (156 MHz, DMSO-d6): δ -
0.47. m/z (LSIMS+): 133 (Cs+, 100%), 84 ({KHCO2}-, 55%), 39 (K+, 19%), 7 (Li+, 12%). 
m/z (LSIMS-): 103 ({[OAc]-CO2}-, 100%). 
 
 
Carbohydrates D-(+)-glucose, 23, D-(+)-cellobiose, 24, D-(+)-xylose, 25, D-(-)-fructose, 
26, and D-(+)-sucrose, 27, were purchased from Sigma-Aldrich in anhydrous form, and 
were used without further purification. 
 
 
8.8.19   1-Ethyl-2-(hydroxymethyl)-3-methylimidazolium acetate 
1-Ethyl-2-(hydroxymethyl)-3-methylimidazolium acetate (28). 1-Ethyl-3-methylimidazolium 
acetate (3d) (5.00 g, 29 mmol) and paraformaldehyde (0.84 g, equivalent to 28 mmol 
formaldehyde) were carefully weighed into a 100 ml round-bottomed flask, fitted with a 
nitrogen bubbler. The mixture was heated at 80 °C for 24 hours, and then allowed to cool 
to room temperature. The water was removed by rotary evaporation to yield 1-ethyl-2-
(hydroxymethyl)-3-methylimidazolium acetate (4.69 g, 84%) as a pale yellow highly 
viscous liquid. The water content was measured as 1.25 wt% by Karl Fischer titration.  
Found: 1H NMR (400 MHz, DMSO-d6): δ 7.72 (1H, d, J = 2 Hz), 7.66 (1H, d, J = 2 Hz), 
4.79 (2H, s), 4.27 (2H, q, J = 7 Hz), 3.87 (3H, s), 1.55 (3H, s), 1.36 (3H, t, J = 7 Hz). 13C 
{1H} NMR (100 MHz, DMSO-d6): δ 173.4, 146.1, 122.8, 120.7, 50.0, 42.9, 34.7, 25.5, 
15.5. m/z (LSIMS+): 141 (100%) [C2C1(HO)C12im]+, 111 (20%) [C2C1im]+, 281 (4%) 
{[C2C1(HO)C12im]2 - H}+. m/z (LSIMS-): 59 (100%) [OAc]-, 230 (62%) {[C2C1im][OAc]2}-. 
Calc. for C9H16N2O3: C, 53.99; H, 8.05; N, 13.99%. Found: C, 53.92; H, 8.15; N, 13.86%. 
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8.9   Ionic liquid-carbohydrate procedures 
 
8.9.1   General procedure: ionic liquid + 5 wt% cellulose mixtures 
Prior to experiments, the ionic liquids were dried under high vacuum with gentle heating 
of ≤ 60 °C, until the water concentration was found to be below 0.3 wt% as determined by 
Coulometric Karl Fischer titration. The ionic liquid/cellulose mixtures (20:1 w/w) were 
prepared by the addition of dry ‘Sigmacell’ cellulose (0.05 ± 0.001 g) to a sample of the 
ionic liquid (1.00 ± 0.01 g) in a 100 ml glass pressure tube containing a magnetic stirrer 
bar. The pressure tube was then partially submerged into an oil bath with integrated 
thermostat, set at a constant temperature of 120 °C, and was maintained, with stirring, at 
this temperature for 48 hours. The apparatus was positioned behind a protective blast 
screen as a safety precaution. Subsequently, the mixture was allowed to cool to room 
temperature and deionized water (~ 0.1 ml) was added to precipitate cellulose. The 
suspension was filtered to remove solid material, and the filtrate was examined by 1H 
NMR spectroscopy. 
 
8.9.2   General procedure: ionic liquid + 10 wt% sugar mixtures 
Ionic liquid/sugar mixtures (10:1 w/w) were prepared by the addition of an aqueous sugar 
solution (1.00 ± 0.01 g in 5 ml deionized water) to a portion of the ionic liquid (10.0 ± 0.1 
g) in a 50 ml round-bottomed flask (the two liquids were readily miscible). Water was then 
removed by rotary evaporation for one hour; a pressure of 8 mbar was employed, and the 
water bath was set to a temperature of 70 °C. The sample was analysed by Karl Fischer 
titration in order to confirm the water content was < 5 wt%. In addition, an HPLC 
spectrum was obtained, so as to confirm that no significant decomposition had occurred 
prior to the primary heating period. The round-bottomed flask was then fitted with an 
adaptor for an oil bubbler and was partially submerged in an oil bath with integrated 
thermostat and magnetic stirrer function, set at a constant temperature (120 or 100 °C). 
The mixture was maintained at this temperature for 24 hours under a gentle flow of 
nitrogen gas, with a stirring rate of 150 rpm. Small aliquots (0.06 ± 0.02 g) were removed 
at regular intervals (‘tx’, where x = 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6 and 24 hours) and were 
diluted with 25 ml of the mobile phase solvent. Small portions of each solution were 
measured into vials for HPLC analysis. The temperature of the oil bath fluctuated by no 
more than ± 2 °C during the course of the experiment. 1H NMR spectra were recorded 
after the 24 hour heating period. In addition, the water content was measured at the end 
of the 24 hour heating period. 
 
8.9.3   1-Ethyl-3-methylimidazolium acetate, 3d, + 25 wt% D-(+)-glucose, 23, mixture 
Ionic liquid/sugar mixtures (4:1 w/w) were prepared by the addition of an aqueous sugar 
solution (2.50 ± 0.01 g in 12.5 ml deionized water) to a portion of the ionic liquid (10.0 ± 
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0.1 g) in a 50 ml round-bottomed flask, whereby the two liquids were readily miscible. 
Water was then removed by rotary evaporation for one hour; a pressure of 8 mbar was 
employed, and the water bath was set to a temperature of 70 °C. The sample was 
analysed by Karl Fischer titration, in order to confirm the water content was < 5 wt%. In 
addition, an HPLC spectrum was obtained, to confirm that no substantial decomposition 
had occurred prior to the primary heating period. Subsequently, the round-bottomed flask 
was fitted with an adaptor for an oil bubbler. The flask was partially submerged into an oil 
bath with integrated thermostat and magnetic stirrer, set at a constant temperature (120 
or 100 °C). The mixture was maintained at this temperature for 24 hours under a gentle 
flow of nitrogen gas, with a stirring rate of 150 rpm. Small aliquots (0.06 ± 0.02 g) of the 
sample were extracted at regular intervals (‘tx’, where x = 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6 
and 24 hours) for preparation of vials for HPLC analysis. The temperature of the oil bath 
was observed to fluctuate by ± 2 °C throughout the course of the experiment. 1H NMR 
spectra were recorded after the 24-hour heating period, and otherwise as required. In 
addition, the water content was measured at the end of the 24 hour heating period. 
 
8.9.4   1-Ethyl-3-methylimidazolium acetate, 3d, + 100 mol% D-(+)-glucose, 23, mixture 
1-Ethyl-3-methylimidazolium acetate (10.0 g, 29 mmol) was added to an aqueous 
solution of D-(+)-Glucose (5.29 g, 29 mmol, in 25 ml deionized water) in a 100 ml round-
bottomed flask, whereby the two liquids were readily miscible. Water was then removed 
by rotary evaporation for one hour; a pressure of 8 mbar was employed, and the water 
bath was set to a temperature of 60 °C. The sample was analyzed by Karl Fischer 
titration, in order to confirm the water content was < 5 wt%. In addition, an HPLC 
spectrum was obtained, to confirm that no decomposition had occurred prior to the 
primary heating period. Subsequently, the round-bottomed flask was fitted with an 
adaptor for an oil bubbler. The flask was partially submerged into an oil bath with 
integrated thermostat and magnetic stirrer, set at a constant temperature. The mixture 
was maintained at this temperature for 24 hours under a gentle flow of nitrogen gas, with 
a stirring rate of 300 rpm. Small aliquots (0.06 ± 0.02 g) of the sample were removed at 
regular intervals for HPLC analysis. 1H/13C NMR spectra were taken as required. 
 
8.9.5   1-Ethyl-3-methylimidazolium acetate, 3d, + 100 mol% D-(+)-xylose, 25, mixture 
1-Ethyl-3-methylimidazolium acetate (10.0 g, 29 mmol) was added to an aqueous 
solution of D-(+)-Xylose (4.41 g, 29 mmol, in 25 ml deionized water) in a 100 ml round-
bottomed flask, whereby the two liquids were readily miscible. Water was then removed 
by rotary evaporation for one hour; a pressure of 8 mbar was employed, and the water 
bath was set to a temperature of 60 °C. The sample was analyzed by Karl Fischer 
titration, in order to confirm the water content was < 5 wt%. In addition, an HPLC 
spectrum was obtained, to confirm that no decomposition had occurred prior to the 
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primary heating period. Subsequently, the round-bottomed flask was fitted with an 
adaptor for an oil bubbler. The flask was partially submerged into an oil bath with 
integrated thermostat and magnetic stirrer, set at a constant temperature. The mixture 
was maintained at this temperature for 24 hours under a gentle flow of nitrogen gas, with 
a stirring rate of 300 rpm. Small aliquots (0.06 ± 0.02 g) of the sample were removed at 
regular intervals for HPLC analysis. 1H/13C NMR spectra were taken as required. 
 
8.10   Computational Procedures 
 
All DFT calculations were performed using the ‘GAUSSIAN 09’ suite of programs.3 The 
B3LYP (Becke’s three-parameter exchange4 in combination with the Lee, Yang, Parr cor-
relation5) functional, including the Grimme empirical dispersion correction (D2)6, here on 
referred to as ‘B3LYP-D’, was employed for all calculations. The 6-311++G(d,p) basis set 
was used for all calculations. The inclusion of dispersion forces has been shown to be 
necessary when investigating ionic liquid systems.7-9  
 
Basis Set Superposition Errors (BSSE) were determined using the counterpoise method 
for all ion pair conformers, and were found to be small (< 5 kJ mol-1).10 Convergence cri-
teria were tightened above the default Gaussian values to 10-9 on the RMS density matrix 
and 10-7 on the energy. In addition, the numerical integration grid was enhanced from the 
default, with an optimised grid of 99 radial shells and 590 angular points per shell. The 
tighter convergence criteria were employed for optimisation calculations and single-point 
calculations (e.g. frequency calculations, counterpoise corrections). 
 
All optimised structures were confirmed as minima or transition states through frequency 
analysis. All calculations were performed under no symmetry constraints. For the majority 
of structures, a three-stage optimisation process was employed:  
 
(i)    initial optimisation at the reduced B3LYP/6-31G(d) level of theory; 
(ii)   subsequent optimisation with B3LYP and the larger 6-311++G(d,p) basis set; 
(iii)  finally, addition of dispersion correction, B3LYP-D/6-311++G(d,p). 
 
The Intrinsic Reaction Coordinate (IRC) protocol was employed to confirm that transition 
state structures linked the assigned starting materials and products.11 Population analysis 
was undertaken using the Natural Bond Orbital (NBO) method (version 5.9).12,13 The NBO 
method was chosen because it is known to be less sensitive to the basis set, compared, 
for example, to Mulliken population analysis.14 
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Appendix 
 
 
Supplementary Data for Chapter 4  
Thermal Decomposition of Carboxylate Ionic Liquids: trends and mechanisms 
 
 
 
Table A4.1   Triplicate Tonset values for temperature-ramped TGA investigation of ionic liquids 1-14. 
All experiments were performed with a 10 °C min-1 heating rate and a nitrogen flow of 20 ml min-1. 
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Fig. A4.1   TGA-MS data for [C2C1im][CH3(CH2)6CO2], 8a. The solid black line represents the TGA 
thermograph. Coloured dashed lines represent the intensities of selected m/z values as a function 
of temperature, assigned to parent peaks of small-molecule thermal decomposition products. 
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Supplementary Data for Chapter 6  
Ionic Liquids: not always innocent solvents for cellulose 
 
 
The graphs shown in Figures A6.1 - A6.23, below, refer to the ionic liquid + sugar model compound 
experiments summarised in Chapter 6, Table 6.2: 
 
 
 
 
 
Fig. A6.1   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. i, Table 6.2). 
 
 
 
 
Fig. A6.2   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. ii, Table 6.2). 
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Fig. A6.3   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. iii, Table 6.2). 
 
 
 
 
Fig. A6.4   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. iv, Table 
6.2). 
 
 
 
Fig. A6.5   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-xylose, 25, heated at 120 °C for 24 hours (Exp. v, Table 6.2). 
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Fig. A6.6   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(-)-fructose, 26, heated at 120 °C for 24 hours (Exp. vi, Table 6.2). 
 
 
 
 
Fig. A6.7   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][OAc], 3d, + 10 wt% 
D-(+)-sucrose, 27, heated at 120 °C for 24 hours (Exp. vii, Table 6.2). 
 
 
 
 
Fig. A6.8   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 100 °C for 24 hours (Exp. viii, Table 6.2). 
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Fig. A6.9   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-cellobiose, 24, heated at 100 °C for 24 hours (Exp. ix, Table 
6.2). 
 
 
 
Fig. A6.10   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. x, Table 6.2). 
Initial acid number 110 mmol H+ kg-1 IL. 
 
 
 
Fig. A6.11   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xi, Table 6.2). 
Initial acid number 145 mmol H+ kg-1 IL. 
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Fig. A6.12   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xii, Table 6.2). 
Initial acid number 235 mmol H+ kg-1 IL. 
 
 
 
Fig. A6.13   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xiii, Table 6.2). 
Initial acid number 271 mmol H+ kg-1 IL. 
 
 
 
Fig. A6.14   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3d, + 25 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xiv, Table 6.2). 
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Fig. A6.15   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3c, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xv, Table 6.2). 
 
 
 
 
Fig. A6.16   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][OAc], 3c, + 10 wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xvi, Table 
6.2). 
 
 
 
Fig. A6.17   Weight% concentrations of [C2C1im]+ (blue) and [C2C1(HO)C12im]+ (red) for the mixture 
[C2C1im][CH3(CH2)6CO2], 8b, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xvii, 
Table 6.2). 
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Fig. A6.18   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xviii, Table 6.2). 
 
 
 
 
Fig. A6.19   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xix, Table 6.2). 
 
 
 
 
Fig. A6.20   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xx, Table 6.2). Initial acid number 240 
mmol H+ kg-1 IL. 
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Fig. A6.21   Weight% concentration of [C2C1im]+ (blue) for the mixture [C2C1im][CH3SO3], 15, + 10 
wt% D-(+)-cellobiose, 24, heated at 120 °C for 24 hours (Exp. xxi, Table 6.2). Initial acid number 
279 mmol H+ kg-1 IL. 
 
 
 
Fig. A6.22   Weight% concentration of [C4C1im]+ (blue) for the mixture [C4C1im]Cl, 18, + 10 wt% D-
(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xxii, Table 6.2). 
 
 
 
Fig. A6.23   Weight% concentrations of [C4C1im]+ (blue) and [C4C1(HO)C12im]+ (red) for the mixture 
[C4C1im][(CH3)2PO4], 19, + 10 wt% D-(+)-glucose, 23, heated at 120 °C for 24 hours (Exp. xxiii, 
Table 6.2). 
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(i) 
 
 
(ii) 
 
Fig. A6.24   LCMS analysis of adduct species formed from [C2C1im][OAc], 3d and 10 wt% D-(+)-
cellobiose, 24, heated to 120 °C for 0.25 hours (t0.25): (a) survey of peaks i, ii; (b) mass spectrum of 
i, showing peaks ia, ib and ic, representing the ‘C12’, ‘C11’ and ‘C10’ adducts, respectively. Peak ii 
represents [C2C1im]+. 
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(i) 
 
 
 
(ii) 
 
Fig. A6.25   LCMS analysis of adduct species formed from [C2C1im][OAc], 3d, and 10 wt% D-(+)-
xylose, 25, heated to 120 °C for 0.25 hours (t0.25): (a) survey of peaks i - iii; (b) mass spectra of 
peaks i, ii. Peaks i and ii each exhibit a single sharp peak at m/z 261, and were assigned as two 
diastereoisomers of the C5 adduct, arising from uncertain stereochemistry at the α carbon relative 
to the C2 position (labelled *). Peak iii corresponds to [C2C1im]+. 
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